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Final Report- 5/2001
ANGIOGENESIS REGULATES PROSTATE CANCER METASTASIS
PCRP-97; New Investigator; Carcinogenesis, Etiology, and Tumor Biology
Curtis A. Pettaway, M.D.
(713) 792-3250
(713) 794-4824 (fax)
cpettawa@mdanderson.org
The University of Texas M. D. Anderson Cancer Center
1515 Holcombe Boulevard, Urology Box 446
Houston, Texas 77030

Introduction

Cancer progression depends upon the establishment of an adequate blood supply. The purpose of our studies
has been to evaluate the relevance of angiogenesis in the progression of prostate cancer by evaluating the roles
of three different angiogenic molecules (vascular endothelial growth factor [VEGF], interleukin 8 [IL-8], and
basic fibroblast growth factor [bFGF]).

Hypothesis
The expression of the angiogenic molecules regulate the metastasis of prostate cancer

Specific Aims and Study Design
1) We determined the in vitro expression of angiogenesis factors by human prostate cancer cell lines PC-3,

2)

LNCaP and their in vivo derived variant cells via northern analysis and protein levels via ELISA. LNCaP
cells with metastatic potential overexpressed VEGF while PC-3M-LN4 cells (highly metastatic)
overexpressed IL-8.

To determine in vivo expression of angiogenesis factors, prostate cancer cells implanted into the prostate
of athymic mice were analyzed and in vivo angiogenic factor expression and angiogenesis (microvessel
density, MVD) was performed. In vivo mRNA and protein expression directly correlated with in vitro
results. Further, MVD correlated with metastatic potential. Sense and antisense IL-8 transfections in PC-3
cells of low and high metastatic potential (respectively) resulted in enhanced angiogenesis, tumorigenicity,
and metastasis for sense IL-8 transfectants with the opposite results for antisense IL-8 transfectants.

3&4)To develop and test sense and antisense viral vectors for bFGF, VEGF, and IL-8 and to infect human

3)

6)

7)

prostate cancer cells antisense adenoviral vectors for bFGF, VEGF, and IL-8 were constructed using the
ADS PCA-14 replication deficient Adenovirus. Gene expression in this vector is driven via a CMV
promoter. Multiplicity of infection parameters were established for each cell line with respect to bFGF,
IL-8, and VEGF production with the specific adenoviral vector.

To determine whether altered expression of bFGF, IL-8 and VEGF via adenoviral vector mediated
modulation affects growth, vascularity, and metastasis of human prostate cancer growing in nude mice.
LNCaP- LN3 cells that overexpress VEGF were infected with the adenoviral VEGF-AS construct or
control virus. Tumor growth in the VEGF antisense adenoviral group was abolished.

Gene therapy with antisense virus has been performed. Treatment of established PC-3M-LN4 tumors in
nude mice with an adenoviral IL-8 vector injected intratumorally resulted in a significant reduction in
tumorigenicity, MVD, and matrixmetalloproteinase expression. Similar in vivo studies with the VEGF
adenoviral antisense construct are pending. Studies utilizing the bFGF adenoviral antisense will not be
performed due to limited bFGF expression in human specimens studied, thus far, and time limitations.
Angiogenesis factor expression in human prostate cancer specimens revealed that VEGF expression did
not differ significantly within a given tumor but was significantly higher in tumors of higher Gleason
score and pathologic stage. Preliminary data reveals that I1-8 expression (but not bFGF expression) is also
associated with increasing Gleason score and pathologic stage.
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Study Relevance
The above studies help to establish the functional relevance of VEGF and IL-8 induced angiogenesis as
important regulators of prostate cancer progression, in both animal models and patients, and confirm relevance

of angiogenesis as a therapeutic target.
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I. Progress

Task 1 - Determine irn vitro and expression of angiogenesis factors by human prostate cancer cell lines
(months 1-6) - Completed

Task 1 evaluated the in vitro expression of the angiogenic factors vascular endothelial growth factor
(VEGF), interleukin 8 (IL-8), and basic fibroblast growth factor (bFGF) by prostate cancer cells from the same
lineage that have differing metastatic properties. Clin. Cancer Res. 2:1627, (1996). The hypothesis was that the
expression of these factors would correlate with in vivo growth. We confirmed that the highly metastatic line
LNCaP-LN3 overexpressed VEGF by northern analysis and protein by ELISA compared to either the parental
LNCaP, or the line selected for growth within the prostate, LNCaP-Pro 5 (lowest levels of VEGF at both the
mRNA and protein level). Expression levels of bFGF and IL-8 in vitro were negligible in all three lines. Clin.
Cancer Res. 5:783, (1999).

We also evaluated the expression of VEGF, bFGF, and IL-8 by PC-3 and the highly metastatic PCM-
LN4 cell line. In contrast to LNCaP cell lines, we observed that PC-3M-LN4 overexpressed IL-8 mRNA and
protein relative to PC3-P by northern analysis and Elisa. However, significantly smaller amounts of bFGF and
VEGF were produced by the two cell lines. Clin. Cancer Res. 6:2104 (2000).

Task 2 - Determine the in vivo expression of angiogenesis factors of human prostate cancer cells
implanted into the prostate of athymic mice (months 1-12) - Completed

The highly metastatic LNCaP-LN3 cell line growing within the prostate of athymic nude mice
overexpressed VEGF mRNA and protein compared with either LNCaP which had intermediate expression, and
LNCaP-Pro 5, which expressed the lowest levels of VEGF. Clin. Cancer Res. 5:783 (1999). Furthermore, by
anti-CD31 immunostaining the LNCaP-LN3 tumors were more vascular than either LNCaP (intermediate) or
LNCaP-Pro5 (least vascular). Virtually no differences were noted for the three LNCaP cell lines with respect to
bFGF and IL-8 mRNA or protein in vivo. Thus, the in vivo expression of these factors correlated with in vitro
expression and tumor induced angiogenesis and metastasis. Serum levels of VEGF were consistent with gene
and protein expression. We evaluated the in vivo expression of IL-8, bFGF, and VEGF mRNA and protein by
PC3-P and PC-3M-LN4 growing within the prostate of athymic nude mice. Clin. Cancer Res. 6: 2104(2000).
The highly metastatic PC-3M-LN4 cell line overexpressed IL-8 mRNA and protein relative to the poorly
metastatic PC3P cell line. By anti-CD31 immunostaining, the PC3P-LN4 tumors were more vascular (as judged
by microvessel density counts [MVD]) than the PC3P tumors. These studies confirm that the in vivo expression
of these angiogenic factors mirrors their in vitro expression, and that the overexpression of these factors
correlates with enhanced tumor induced neovascularization and metastatic potential.

As an extension of this task, we demonstrated the causality between IL-8 expression and the
tumorigenicity and metastatic potential of human prostate cancer. We transfected the poorly metastatic prostate
cancer cell line PC3-P with sense IL-8 vectors and the highly metastatic PC-3M-LN4 cell line with antisense
IL-8 constructs. Clin. Cancer Res. 6:2104 (2000). After determining that the IL-8 expression by PC3-P was
increased and the expression by PC-3M-LN4 was decreased, these cells were implanted into the prostates of
athymic nude mice. Sense transfected PC3-P cells demonstrated increased IL-8 expression, and enhanced
tumorigenicity, tumor induced neovascularization, and metastasis compared with Neo transfected controls and
PC3-P. Conversely, antisense transfected PC-3M-LN4 demonstrated decreased IL-8 expression and decreased
tumorigenicity, tumor induced angiogenesis, and metastasis compared with Neo controls or PC-3M-LN4.
Moreover, we also demonstrated that IL-8 regulates MMP-9 expression by human prostate cancer and leads to
enhanced invasive capacity. Clin. Cancer Res. 6:2104 (2000) Total mice utilized = approximately 150 mice.
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Task 3 & 4 - To develop and test sense and antisense viral vectors for bFGF, VEGF, and IL-8 and to
infect human prostate cancer cells (months 1-18)

The sense and antisense adenoviral vectors for bFGF, VEGF, and IL-8 were constructed using the AD5
PCA-14 replication deficient Adenovirus (see Sept. 1999 annual progress report for map). Gene expression in
this vector is driven via a CMV promoter. The bFGF & IL-8 sense and antisense vectors were tested in PC-3M
and in vivo selected variant lines. The VEGF sense and antisense adenoviral vectors were tested with LNCaP
and in vivo selected variant cell lines. Clin. Cancer Res. 2:1627, (1996). Both cytotoxicity and either increases
or decreases in angiogenic factor expression were correlated with the multiplicity of infection (MOI) at MOI’s
of 1:1, 1:3, 1:5, 1:10, 1:20, 1:50, and 1:100. A B-galactosidase adenovirus was used as a control for these
experiments (vector construction maps available upon request). Cytotoxicity was assessed through cell counting
48-72 hours after infection. Expression of cell associated and secreted bFGF, IL-8, and VEGF was determined
by ELISA assay of cell lysates and conditioned media from each MOI. An MOI of 10:1 produced increases in
bFGF & I1-8 protein production of 800 and 1100% of control (respectively) in PC-3M cells. Similarly in
LNCaP cells an MOI of 10:1 produced a 1000% increase in VEGF production. Antisense adenoviral infection
at an MOI of 10:1 reduced bFGF and IL-8 production to 25 and 55% of control respectively in PC-3M cells and
to 20% of control for LNCaP-LN3 cells infected with the adenoviral VEGF antisense virus. Recently upon
repeat testing we have discovered difficulty with the VEGF adenoviral antisense in that VEGF levels by ELISA
have not shown dramatic decreases previously shown. This is currently under investigation. By PCR the DNA
construct is present however the orientation of the DNA and the presence of the CMV promoter must be
confirmed.

Task 5 - To determine whether altered expression of bFGF, IL-8 and VEGF affects growth, vascularity,
and metastasis of human prostate cancer growing in nude mice. (months 8-24, revised to 36 months

Preliminary Studies to determine the in vivo effect of adenoviral mediated modulation of VEGF on
LNCaP cell lines have been completed. Subsequent to infection of LNCaP-LN3 cells (high VEGF production)
with adenoviral VEGF-AS and intraprostatic injection of parental, VEGF-AS, or control virus treated cells,
tumor growth and metastasis were evaluated. Tumors readily formed in mice injected with parental LN3 as well
as control virus LN3 inoculated mice but were totally absent among the mice injected with LNCaP-LN3 VEGF-
AS treated cells. If confirmed, these data suggest that VEGF expression is essential for growth of LNCaP cells
in vivo. Data from the above transfection studies (Task # 2) strongly suggested that IL-8 is directly involved in
the regulation of metastasis. Clin. Cancer Res. 6:2104 (2000) Thus, the principal of IL-8 modulation in prostate
cancer cells affecting angiogenesis, growth, and metastasis has been shown. Therefore, we will not pursue
modulating IL-8 expression via adenoviral mechanisms as originally proposed. Our existing data from human
prostate cancer cell lines and patient specimens suggests that bFGF expression is not prominent when compared
with VEGF and IL-8 expression (see also Task #7). Therefore, we will not pursue functional studies to
modulate its expression as originally proposed. Total number of mice = 50
Task 6 - Gene therapy with antisense virus to bFGF, IL - 8, and VEGF (months 12-30, revised to 40
months)

PC-3M-LN4 cells were injected subcutaneously (2 x 108 cells/mouse). Treatment using the adenoviral
antisense (Adv-ASIL-8) or control vector (Adv-PolyA) was begun on day 21 when tumors were established (3-
6mm size). Mice received 5 x 10° viral particles via two separate intratumoral injections 10 days apart. Six
weeks post inoculation tumor weights were significantly decreased in mice receiving Adv-AS-IL-8 (median =
92 mg, versus saline = 223mg or Adv-PolyA = 173, p = <0.05) therapy. ISH mRNA analysis revealed
decreased IL-8 and MMP-9 expression (65 = 13 and 45 + 15 respectively in the Adv-AS-IL-8 treated tumors
compared with Adv-PolyA or saline controls (95 £ 20 & 105 + 16, 100 + 17 & 100 + 20 respectively). Further,
MVD as judged by CD-31 immunohistochemistry was reduced in the Adv-AS-IL-8 treated tumors (42 * 8)
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compared with Adv-PolyA or saline controls (56 + 12 & 61 + 10 respectively). Thus, proof of principal was
established. Studies utilizing VEGF adenoviral vectors are to follow as soon as technical issues are settled.
Recently we obtained the DC101 anti-VEGF receptor antibody virus (rat anti-mouse VEGF receptor 2 [flk-1]
antibody to modulate inhibit VEGF binding to its receptor. We treated mice with established PC-3M-MM2
tumors (androgen insensitive prostate cancer) with DC101 for a total of 7 doses bi-weekly for 4 weeks. This
therapy inhibited tumor-induced angiogenesis, growth and metastasis. Further the anti-tumoral effect could be
enhanced with paclitaxel chemotherapy (Sweeney et. al.) Proc. Am. Assoc. Cancer Res. 42: #4418 (2001)
Similar studies are planned utilizing LNCaP cells. Total mice to be used. = 220 mice.

Task 7 - Angiogenesis factor expression in Human Prostate Cancer (months 1-30, revised to 36months)

We completed and published an evaluation of the expression of VEGF by in situ hybridization (ISH) in 59
tumors from 40 radical prostatectomy specimens to determine the relationship of VEGF expression to tumor
location, Gleason score, and pathological stage (Clin. Cancer Res. 6:2295[2000]). VEGF expression did not
differ significantly within a given tumor but was significantly higher in tumors of higher Gleason score and
pathologic stage. In fact, VEGF expression by ISH was highly associated with seminal vesicle involvement and
lymph node metastasis in radical prostatectomy specimens and this was independent of the Gleason score. We
have also performed mRNA ISH for the angiogenesis factors IL-8, bFGF, and the negative angiogenesis
regulator interferon beta. Our preliminary analysis reveals that IL-8 expression is associated with increasing
Gleason score and pathologic stage. However, bFGF expression was weak and did not have the same
association. Analysis of interferon beta expression is in progress. Total specimens =40

Conclusion

The above studies help to establish the functional relevance of VEGF and IL-8 induced angiogenesis as
important regulators of prostate cancer progression in both animal models and patients and confirm relevance of
angiogenesis as a therapeutic target.

Reportable Outcomes:
1. Manuscripts

1. Balbay MD, Pettaway CA, Kuniyasu H, Inoue K, Ramirez E, Li E, Fidler 1J, Dinney CP. Clin. Cancer
Res., 5:783-9, 1999.

2. Inoue K, Eve BE, Slaton JW, Kim SJ, Perrotte P, Balbay MD, Yano S, Bar-Eli M, Radinsky R, Pettaway
CA and Dinney CPN. Clin. Cancer Res., 6:2104-2119,2000.

3. Kuniyasu H, Troncoso P, Johnston D, Bucana CD, Tahara E, Fidler 1J, and Pettaway CA. Clin. Cancer
Res., 6: 2295-2308,2000.

2. Presentations

Sweeney JP, Kedar D, Karashima T, Kim SJ, Mian B, Huang SF, Fan Z, Hicklin D, Pettaway CA, Dinney
CPN: Treatment of Human Prostate Cancer in a Orthotopic Murine Model with the Anti-vascular Endothelial
Growth Factor Receptor Monoclonal Antibody DC101. Pro. Am. Assoc. Cancer Res., 42: #4418, 2000.

Uehara, H, Troncoso, P, Johnston, D, Fidler, 1J, Dinney, CPN, Pettaway, CA: Interleukin-8 Expression in
Radical Prostatectomy Specimens is Associated with Gleason Score and Pathologic Stage. Proc. American
Urologic Association Meeting, June 2001
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3.New Grant Support

Grant Number: P50 CA90270, NIH, 05/01/01 - 01/01/06.

Grant Title: "University of Texas M. D. Anderson SPORE in Prostate Cancer"

Project 1 (Fidler/Dinney) "The Biology of Human Prostate Cancer Metastasis" ($1,056,518)- Dr. Colin Dinney
(co investigator) has written a clinical trial based upon neoadjuvant downmodulation of angiogenic factor
expression in the prostate prior to radical prostatectomy utilizing adenoviral vector containing interferon
beta.

Project 5 (Strom/Pettaway) "Clinical, Epidemiological, and Molecular Markers of Prostate Cancer Progression"
($1,080,688) Dr. Pettaway is Co-leader on this project that will explore racial variation in molecular
markers of angiogenesis and invasion.

4. Promotion
Dr Curtis Pettaway was promoted to the rank of Associate Professor of Urology and Cancer Biology of The

University of Texas M. D. Anderson Cancer based in part on his ability to receive peer reviewed (current
DOD grant) funding to carry out basic and translational research.
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Highly Metastatic Human Prostate Cancer Growing within the
Prostate of Athymic Mice Overexpresses Vascular Endothelial

Growth Factor!

M. Derya Balbay, Curtis A. Pettaway,

Hiroki Kuniyasu, Keiji Inoue, Edilberto Ramirez,
Emily Li, Isaiah J. Fidler, and

Colin P. N. Dinney*

Departments of Urology [M. D. B, C. A. P., C. P. N. D.], Cancer
Biology [H. K., K. I, E. L., L. . F,, C. P. N. D.], and Epidemiology
[E. R.], The University of Texas M. D. Anderson Cancer Center,
Houston, Texas 77030

ABSTRACT

Angiogenesis is essential for tumor progression and
metastasis. It is mediated by the release of angiogenic factors
by the tumor or host. We analyzed the expression of angio-
genic factors by the prostate cancer cell line LNCaP and two
derived variants, in vitro and in vivo, to determine whether
metastatic cell lines express higher levels of these factors.
The production of three angiogenic factors, vascular endo-
thelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), and interleukin 8 (IL-8), by LNCaP and .its vari-
ants, LNCaP-LN3 (highly metastatic) and LNCaP-Pro5
(slightly metastatic), was measured by ELISA. VEGF,
bFGF, and IL-8 mRNA expression was determined in vitro
by Northern blot analysis. VEGF mRNA expression was
determined in vivo by in situ hybridization. VEGF and flk-1
protein expression and microvessel density of LNCaP cell
tumors were quantified by immunohistochemistry. In vitro,
VEGF production by LNCaP-LN3 (3.15 = 0.04 pg/ml/10®
cells) was significantly higher than those of both LNCaP
(2.38 = 0.34 pg/ml/10° cells) and LNCaP-Pro5 (1.67 % 0.37
pg/ml/10® cells; P = 0.049 and 0.001, respectively). None of
the three cell lines produced detectable levels of bFGF or
IL-8 in vitro. In vivo, LNCaP-LN3 tumors exhibited higher
levels of VEGF mRNA and protein (152.2 = 28.5 and
200.5 £ 28.3) and of flIk-1 protein (156.5 = 20.6) and had
higher microvessel density (16.4 + 4.2) than either LNCaP
tumors (89 = 17.5, 173.3 * 23.0, 124.6 = 21.6, and 124 =+
3.5, respectively) or LNCaP-Pro5 tumors (63 = 14.7,
141.2 += 38.1, 126.1 = 20, and 5.8 * 2.2, respectively). In

Received 6/19/98; revised 1/25/99; accepted 2/3/99.
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conclusion, metastatic human prostate cancer cells exhibited
enhanced VEGF production and tumor vascularity com-
pared with prostate cancer cells of lower metastatic poten-
tial. Thus, VEGF may play an important role in prostate
cancer metastasis.

INTRODUCTION

Tumor growth and metastasis depend upon the induction of
a blood supply (1, 2). This process, angiogenesis, is regulated by
a diverse group of molecules, including VEGF® (2, 3), bFGF
(4, 5), and IL-8 (6). The prevascular phase of a tumor is usually
associated with local, nonmetastatic tumors; a vascular phase
precedes invasion and metastasis (7). The vascular density of
prostate cancer, a histological indicator of angiogenesis, corre-
lates with invasion and metastasis (8, 9).

The acquisition of an angiogenic phenotype is mediated by
angiogenic factors released by the tumor or host cells and
depends upon the balance between stimulatory and inhibitory
factors released by the tumor and its microenvironment (10).
Following the induction of vascularization, the rate of tumor
growth increases exponentially (11, 12).

The specific angiogenic factors regulating prostate cancer
growth and metastasis have not been elucidated. It is highly
unlikely that any one factor will be solely responsible for
angiogenesis in all prostate cancers, and furthermore, multiple
factors may be necessary for angiogenesis to occur in a single
tumor.

VEGF is expressed by both benign and malignant prostate
cells as well as by neuroendocrine cells (13). The level of
expression by malignant cells is greater than that by benign
prostate cells (14, 15). VEGF expression enhances the tumori-
genicity of human prostate cancer. Administration of VEGF to
mice receiving whole-body irradiation increased the growth of
human prostate cancer xenografts and led to rapid tumor pro-
gression (16). In addition, administration of an anti-VEGF an-
tibody to nude mice that were growing the human prostate
cancer cell line DU145 completely inhibited neovascularization
within the tumor (17). In androgen-responsive cells, VEGF
expression seems to be androgen dependent. For instance,
VEGEF expression by the androgen-responsive PC-82 and A-2
human prostate lines growing s.c. in severe combined immuno-
deficient mice was inhibited by castration (18). Androgen with-
drawal also down-regulates VEGF production by human pros-
tate cancer (19, 20).

3 The abbreviations used are: VEGF, vascular endothelial growth factor;
bFGF, basic fibroblast growth factor; IL-8, interleukin 8; GAPDH,
glyceraldehyde phosphate dehydrogenase; IHC, immunohistochemistry;
ISH, in situy hybridization.
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Table I Tumorigenicity and production of metastasis by LNCaP
cells and two variants subsequent to orthotopic implantation in atymic

nude mice
Prostate
weight, g Para-aortic lymph
LNCaP cell line Tumorigenicity (mean = SD) node metastases
LNCaP 24/43 1.2+1.0 12/43
LNCaP-Pro5 10717 33+ 1.7 2/17
19/19" 1.2+09 13/19°

LNCaP-LN3

“ p < 0.05, compared with LNCaP and LNCaP-LN3.

b p < 0.001, compared with LNCaP; P = 0.002, compared with
LNCaP-Pr05.

¢ P < 0.003, compared with LNCaP; P < 0.001, compared with
LNCaP-Pr05. Adapted from Pettaway et al. (21).

Here, we evaluated the expression of angiogenic factors in
an orthotopic model of human prostate cancer. We previously
established this model by directly implanting the human prostate
cancer cell line LNCaP into the prostates of athymic nude mice.
We selected from the parental LNCaP cell line distinct subpopu-
lations that either were more tumorigenic within the prostate
(LNCaP-Pro5) or had a greater propensity to metastasize
(LNCaP-LN3; Ref. 21). The purpose of the study described
herein was to evaluate whether the expression of the angiogenic
factors VEGF, bFGF, and IL-8 by LNCaP and its variants,
LNCaP-Pro5 and LNCaP-LN3, correlated with enhanced angio-
genesis and metastasis.

MATERIALS AND METHODS

Tumor Cell Lines. The three cancer cell lines were
maintained as monolayers in RPMI 1640 supplemented with
10% fetal bovine serum, vitamins, sodium pyruvate, L-gluta-
mine, nonessential amino acids, and penicillin-streptomycin.
The low metastatic LNCaP-Pro5 and high metastatic LNCaP-
LN3 variants were isolated by intraprostatic injection of LNCaP
and sequential selection for nonmetastatic and metastatic vari-
ants as described previously. The LNCaP cell line is interme-
diate in its metastatic potential compared with these variant lines
(Table 1; Ref. 21).

Animals. Male athymic BALB/c nude mice were ob-
tained from the Animal Production Area of the National Cancer
Institute-Frederick Cancer Research Facility (Frederick, MD).
The mice were maintained in a laminar air flow cabinet under
specific pathogen-free conditions and used at 8—12 weeks of
age. Animal facilitics were approved by the American Associ-
ation for Accreditation of Laboratory Animal Care in accord-
ance with the standards of the United States Department of
Agriculture, Department of Health and Human Services, and TH.

ELISA. Fifty thousand viable cells from the LNCaP,
LNCaP-Pro5, and LNCaP-LN3 cell lines were seeded onto
35-mm Petri dishes. Conditioned medium was removed after 9 h
of incubation and centrifuged at 5000 rpm for 5 min before
washing with 1 ml of HBSS. Both conditioned medium and cell
suspensions were stored at —20°C prior to assay. The levels of
cell-associated and supernatant VEGF, bFGF, and IL-8 were
measured using commercially available ELISA kits (Quan-
tikine; R&D Systems, Minneapolis, MN). The protein level for
each angiogenic factor was quantified by comparing its optical

density to the standard curve for each factor and normalizing for
cell number.

Northern Blot Analysis. Polyadenylated mRNA was ex-
tracted from 50-70% confluent monolayer cultures of cells
growing in culture using the Fast Track mRNA isolation kit
(Invitrogen, San Diego, CA). The mRNA was electrophoresed
on a 1% denaturing formaldehyde/agarose gel and electrotrans-
ferred to a GeneScreen nylon membrane (DuPont, Boston, MA)
using a UV cross-linker (Stratalinker, model 1800; Stratagene,
La Jolla, CA) cross-linked with 120,000 pJ/cm?. Filters were
washed at 55°C with 30 mm sodium citrate and 0.1% sodium
dodecyl sulfate (w/v). The membranes were then hybridized and
probed for VEGF, bFGF, and IL-8; GAPDH was used as a
control for loading. The cDNA probes used were (a) a 1.3-kb
Pstl cDNA for GAPDH (22); (b) a 1.4-kb ¢cDNA fragment of
bovine bEGF (23); (¢) a 204-bp BamHI-EcoRI fragment of the
human VEGF cDNA (a gift of Dr. Brygida Berse, Harvard
Medical School, Boston, MA; Ref. 24); and (d) a 0.5-kb EcoRI
cDNA fragment corresponding to human IL-8 (a gift of Dr. K.
Matsushima, Kanazawa, Japan; Ref. 25). The probes were ra-
diolabeled by a random primer technique and [a-*?P]dCTP
(Amersham Corp.). Autoradiography of the membrane was per-
formed after washing. Densitometry scanning permitted quan-
tification of the bands.

Orthotopic Implantation of the Tumor Cells. For the
in vivo portion of the study, cultured LNCaP, LNCaP-Pro5, and
LNCaP-LN3 cells (70% confluent) were prepared for injection
as described previously (21). Mice were anesthetized with me-
thoxyflurane, a lower midline incision was made, and the pros-
tate was exposed. Viable tumor cells (2 X 10° cells in 40 .l of
HBSS) were injected into one of the dorsal lobes of the prostate.
The formation of a “bleb” was the sign of a satisfactory injec-
tion. Organs were returned to their proper locations, and the
abdominal wall was closed in a single layer with metal clips.

Necropsy. The mice were killed 5 weeks after injection.
Prostate tumors were harvested, weighed, and either embedded
in OCT solution (Sokera Inc., Torrence, CA) for frozen sections
or fixed in formalin for paraffin sections.

Immunohistochemical Determination of VEGF, bFGF,
IL-8, and flk-1. The expression of VEGF, bFGF, IL-8, and
VEGF receptor flk-1 was detected in paraffin sections of tumors
using rabbit polyclonal IgG antihuman antibodies for VEGF,
bFGF, and IL-8 diluted to 1:500, 1:500, and 1:50, respectively.
An antimouse polyclonal antibody to flk-1 (Santa Cruz Biotech-
nology, Santa Cruz, CA) was used at 1:100 dilution. The a-im-
munoperoxidase technique for IHC staining was performed with
a second peroxidase-conjugated goat antirabbit antibody (IgG,
F[ab], fragment; Jackson ImmunoResearch Laboratory, West
Grove, PA) at a 1:500 dilution. We confirmed the specificity of
the VEGF and flk-1 staining by the absorption test using the
control peptides SC 152P and SC 315P. Briefly, primary anti-
bodies were pretreated with control peptide overnight at 4°C,
and this pretreated antibody was used for IHC analysis, as
described above. No immunostaining was observed using the
pretreated antibodies (data not shown).

Quantification of Microvessel Density. Cryostat sec-
tions of tumors were fixed with 2% paraformaldehyde in PBS
(pH 7.5) for 10 min and then washed twice with PBS. The
sections were then treated for 5 min with 1% Triton X-100 and
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Table 2 In vitro production of bFGF, IL-8, and VEGF in LNCaP cells and selected variants

bFGF, IL-8, and VEGF concentrations (pg/ml/10® cells) were measured in both cell-associated and culture supernatants of LNCaP, LNCaP-Pro$5,
and LNCaP-LN3 cells after 96 h. Values are means = SD of four separate experiments.

Culture supernatants

Cell-associated supernatants

Cell line bFGF IL-8 VEGF* bFGF IL-8 VEGF
LNCaP 0 238 £0.34 0 0 0
LNCaP-Pro5 0 0 1.67 £ 0.37 0 0 0
LNCaP-LN3 0 0 3.15 £ 0.04 0 0 0.25 = 0.02
253JB-V 0 8.50 £ 3.24 2.87 + 0.05 277 = 0.87 1.76 = 0.06 0

“ Tukey’s honestly significant difference test Ps: LNCaP vs. LNCaP-Pro5, P = 0.064; LNCaP-LN3 vs. LNCaP, P = 0.049; LNCaP-LN3 vs.

LNCaP-Pro5, P = 0.001.

22

—

1.3 aaa

Fig. 1 In vitro VEGF expression in LNCaP, LNCaP-Pro5, and
LNCaP-LN3 cells, as shown by Northern blot analysis. Relative VEGF
mRNA expression was highest in LNCaP-LN3 (1.64) compared with
LNCaP-Pro5 (0.41) and LNCaP (1.09) after normalization to GADPH.
Four distinct mRNA transcripts were identified in the LNCaP cell lines.

washed three times with PBS. Endogenous peroxidase was
blocked with 3% hydrogen peroxide in methanol, and the sec-
tions were washed with PBS and incubated overnight in protein-
blocking solution. The excess blocking solution was removed,
and the samples were incubated with rat antimouse CD31 anti-
body that stains endothelial cells (PharMingen, San Diego, CA).
Swine peroxidase-conjugated anti-rabbit antibody was applied
for 30 min after the primary antibody was removed. The sam-
ples were rinsed with PBS and developed with 3-amino-9-
ethylcarbazole at room temperature for 20 min. The sections
were counterstained with aqueous hematoxylin. A positive re-
action was indicated by a brownish precipitate.

The tissues were examined at low power (X40), and five
high-power fields of viable tumor at the periphery of the tumor
were selected for vessel counts. Selected fields (high-power
field, X20 objective and X 10 ocular, 0.739 mm? per field) were

recorded using a computer-linked cooled CCD Optronics Tec
470 camera (Optronics Engineering, Goletha, CA). Microves-
sels were quantified according to the method described by
Weidner et al. (26). Clusters of stained endothelial cells distinct
from adjacent microvessels, tumor cells, or other stromal cells
were counted as one microvessel. The results were expressed as
the number of microvessels identified within a single X200
field.

Oligonucleotide Probes. Specific antisense oligonucleo-
tide DNA probes were designed complementary to the mRNA
transcripts of the three angiogenesis-related genes based on the
published reports of the DNA sequence: VEGF/vascular perme-
ability  factor, TGG'TGA'TGT'TGG'ACT'CCT'CAG'T-
GG'GCU, 57.7% guanosine-cytosine content (24); bFGF,
CGG'GAA'GGC'GCC'GCT'GCC'GCC’, 85.7% guanosine-
cytosine content (23); IL-8, CTC'CAC'CCA'CCT'CTG-
"CAC'CC), 65% guanosine-cytosine content (25). The specific-
ity of the oligonucleotide sequence was initially determined by
a Gene Bank European Molecular Biology Library database
search with the use of the Genetics Computer Group sequence
analysis program (GCG; Madison, WI) based on the FastA
algorithm (27). These sequences showed 100% homology with
the target gene and minimal homology with nonspecific mam-
malian gene sequences. The specificity of each of the sequences
was also confirmed by Northern blot analysis. A poly(dT),,
oligonucleotide was used to verify the integrity and lack of
degradation of mRNA in each sample. All DNA probes were
synthesized with six biotin molecules (hyperbiotinylated) at the
3’ end via direct coupling using standard phosphoramidile
chemistry (Research Genetics, Huntsville, AL; Ref. 28). The
lyophilized probes were reconstituted to a stock solution at 1
pg/pl in 10 mm Tris (pH 7.6) and 1 mm EDTA. The stock
solution was diluted with Probe Diluent (Research Genetics)
immediately before use.

In Situ mRNA Hybridization. Paraffin-embedded sec-
tions of fixed tissue (3-5 wm) were mounted on ProbOn slides
(Fisher Scientific, Pittsburgh, PA). The slides were dewaxed and
prepared, and ISH was performed using the MicroProbe system
(Fisher Scientific) as described previously (29, 30). Slides were
rinsed three times in Tris buffer for 30 s; the probes were then
hybridized at 45°C for 45 min. The slides were washed three
times for 2 min each time with 2X SSC at 45°C. The samples
were then incubated with alkaline phosphatase-labeled avidin
for 30 min at 45°C, rinsed in 50 mm Tris buffer (pH 7.6), and
then briefly (1 min) rinsed in alkaline phosphatase enhancer.
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flk-1 VEGF (IHC) VEGF (ISH) Poly d(T)20

CD31

Fig. 2 ISH and immunohistochemical staining of LNCaP, LNCaP-Pro,

LNCaP-Pro§s LNCaP-LN3

BEF B0 0 A

5, and LNCaP-LN3 growing in the prostates of athymic nude mice. Note the

increascd cxpression of both VEGF mRNA and protein in the highly metastatic LNCaP-LN3 tumors. Poly(dT) staining served as the control for
mRNA integrity. Microvessel density by anti-CD31 staining of endothelial cells and flk-1 expression on tumoral vessels were also greater in

LNCaP-LLN3 cell tumors.

The samples were then incubated with chromogen substrate for
20 min at 45°C. If necessary, an additional incubation was
performed with fresh chromogen to enhance a weak reaction.
The samples were then covered with Universal Mount mounting
medium (Rescarch Genetics), heat-dried, and examined. Red

staining indicated a positive reaction in this assay. Appropriate
controls for endogenous alkaline phosphatase were included by
treating the samples in the absence of biotinylated probe, using
chromogen alone. No immunoreactivity was observed in the

controls.
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Table 3 In situ mRNA and immunohistochemical analysis of VEGF, VEGF receptor flk-1, and microvessel density in LNCaP and
selected variants
Mice were injected with 2 X 106 cells and necropsied 5 weeks after injection. Five different areas of three separate tumors were analyzed. Values
are means + SD of 15 determinations of each cell line. Statistical comparisons were performed using Tukey’s honestly significant difference test.

Cell line VEGF (ISH)" VEGF (IHC)” flk-1¢ CD31¢

LNCaP 89 £ 175 173.3 £ 23.0 124.6 + 21.6 124 =35
LNCaP-ProS 63 + 14.7 141.2 = 38.1 126.1 = 20.0 58+22
LNCaP-LN3 152.2 £ 285 200.5 = 28.3 156.5 = 20.6 164 42
Tukey’s honestly significant difference test Ps

LNCaP vs. LNCaP-Pro5 0.117 0.011 0.973 0.001

LNCaP vs. LNCaP-LN3 0.001 0.023 0.001 0.001

LNCaP-LN3 vs. LNCaP-Pro5 0.001 0.001 0.001 0.001

“ VEGF mRNA density was evaluated by computer-assisted image analysis and is expressed as the ratio of the intensity of tumor ISH to that
of the norma! glandular epithelium, normalized to poly(dT) expression. The differences between LNCaP and LNCaP-LN3 (P = 0.001) and between

LNCaP-LN3 and LNCaP-Pro3 (P = 0.001) were significant.

» VEGF cytoplasmic staining was evaluated by computer-assisted image analysis and is expressed as a ratio of the tumor expression to normal
prostatic glandular epithelial cell expression. The differences between LNCaP and LNCaP-Pro5 (P = 0.011), between LNCaP and LNCaP-LN3 (P =
0.023), and between LNCaP-LN3 and LNCaP-Pro5 (P = 0.001) were significant.

¢ flk-1 cytoplasmic staining in endothelial cells was evaluated by computer-assisted image analysis and is expressed as a ratio of tumor vascular
endothelium expression to normal glandular vascular endothelium expression. The differences between LNCaP and LNCaP-LN3 and between
LNCaP-LN3 and LNCaP-Pro5 were significant (P = 0.0001 for both comparisons).

4 CD31 staining reflecting microvessel density was counted under X200 magnification in 0.739-mm? fields. The differences between LNCaP and
LNCaP-Pro5, between LNCaP and LNCaP-LN3, and between LNCaP-LN3 and LNCaP-ProS were significant (P = 0.0001 for each comparison).

To check the specificity of the hybridization signal, the
following controls were used: (a) RNase pretreatment of tissue
sections, (b) substitution of the antisense probe with a biotiny-
lated sense probe, and (c) competition assay with unlabeled
antisense probes. Markedly decreased or no signal was obtained
after all of these treatments (31).

Densitometry Quantification of IHC and ISH. The
intensity of IHC staining and ISH was evaluated in five fields at
the periphery of the tumors representing areas of most intense
staining. Each field was evaluated using the ImageQuant ana-
lyzer and Optimas software program (Bioscan, Edmonds, WA).
THC staining intensity of each sample was compared with the
staining intensity of the normal prostate glands in the sample
and expressed as a ratio (tumor cells:normal glandular cells).
ISH was quantified in a similar manner using serial sections of
the same tumor block. Normal prostate glands served as the
internal control for mRNA expression, and poly(dT) staining

~ controlled for mRNA preservation. Results were expressed as

the ratio of the intensity of tumor ISH staining to that of normal
glandular cell staining and normalized for poly(dT) expression.

Statistical Analysis. One-way ANOVA was used to ex-
amine group differences in VEGF production by the cell lines in
vitro and in VEGF mRNA and protein expression as well as
flk-1 protein expression on tumor sections in vivo. When
ANOVA indicated a significant (P < 0.05) difference, a post
hoc test was performed using Tukey’s honestly significant dif-
ference multiple comparison test.

RESULTS

In Vitro Expression of VEGF, bFGF, and IL-8. The in
vitro production of cell-associated and secreted VEGF, IL-8,
and bFGF protein by the parental LNCaP cell line and the
variant LNCaP-Pro5 and LNCaP-LN3 cell lines is shown in
Table 2. The 253] B-V cell line served as a positive control for
bFGF and IL-8 production (32). By ELISA, VEGF was the only
angiogenic peptide detected among the LNCaP cell lines. The

highly metastatic LNCaP-LN3 cell line secreted significantly
more VEGF (3.15 = 0.04 pg/ml/10? cells) than the LNCaP cell
line (2.38 = 0.34 pg/ml/10° cells) or the LNCaP-Pro5 line
(1.67 = 0.37 pg/ml/10® cells; P = 0.049 and 0.001, respectively).

Northern blot analysis confirmed the results of ELISA.
Densitometric analysis indicated that the relative steady-state
gene expression of VEGF by LNCaP-LN3 was 4-fold greater
than that by LNCaP-Pro5 and 1.5-fold greater than that by
LNCaP (Fig. 1). Four VEGF transcripts were identified by
Northern blot analysis. We did not identify bFGF or IL-8
mRNA transcripts in the three LNCaP cell lines (data not
shown).

In Vivo Expression of VEGF, bFGF, IL-8, flk-1, and
Microvessel Density. We used IHC and ISH to compare the
expressions of VEGF, bFGF, IL-8, and flk-1 and the microves-
sel densities of the LNCaP, LNCaP-Pro5, and LNCaP-LN3 cell
lines growing in the prostates of nude mice. Representative
tumor sections analyzed for immunoreactivity of VEGF are
shown in Fig. 2. The immunoreactivity of VEGF was highest in
the LNCaP-LN3 tumors, intermediate in LNCaP tumors, and
lowest in LNCaP-Pro5 tumors, which is in accordance with our
in vitro findings. Computer-assisted analysis of representative
sections confirmed these results (Table 3). Using ISH, we ob-
served that steady-state mRNA expression of VEGF was also
greatest in the LNCaP-LN3 tumors, intermediate in the LNCaP
tumors, and least in the LNCaP-Pro5 tumors (Fig. 2). Relative
expressions of VEGF mRNA and protein were 2.4-fold higher
in the LNCaP-LN3 tumors than in the LNCaP-Pro5 tumors (Fig.
2 and Table 3). In vivo bFGF and IL-8 protein (by IHC) and
mRNA (by ISH) were expressed at similar low levels in all three
tumors (data not shown).

By anti-CD31 immunostaining, microvessel density was
significantly greater in the LNCaP-LN3 tumors than in either
LNCaP or LNCaP-Pro5 tumor tissue (P = 0.001; Fig. 2 and
Table 3). By image analysis, the VEGF receptor flk-1 was also
significantly overexpressed on endothelial cells within the
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LNCaP-LN3 tumors compared with either LNCaP or LNCaP-
Pro5 tumors (Fig. 2 and Table 3).

DISCUSSION

Tumor growth and metastasis depend upon the induction of
a blood supply. This process of angiogenesis is mediated, in
part, by the secretion of angiogenic factors such as VEGF by
tumors growing in their relevant microenvironment. VEGF is
secreted by a wide variety of tumor cells, and its secretion
correlates with the metastatic potential of these tumor cells
(33-35). Our data indicate that the malignant potential of the
human prostate carcinoma cell line LNCaP and its variant lines,
LNCaP-LN3 and LNCaP-Pro5, correlated with their VEGF
expression. In vitro evaluation revealed that the highly meta-
static cell line LNCaP-LN3, which we selected for its ability to
metastasize to regional lymph nodes, overexpressed VEGF pro-
tein compared with the poorly metastatic cell line LNCaP-Pro3,
which was selected for its growth within the prostate. Increased
steady-state gene expression of VEGF mRNA was also ob-
served in the LNCaP-LN3 cell line. By Northern blot analysis,
we observed four mRNA transcripts. The relative expressions of
these four VEGF mRNA transcripts by the three cell lines were
compared following normalization to GADPH. These tran-
scripts represent both secreted and freely soluble VEGF (36).
The increased expression of VEGF by LNCaP-LN3 was con-
firmed in vivo using IHC and ISH. Assessment of VEGF mRNA
and protein was performed at the invasive edge of each tumor
because the centers of the tumors were often necrotic (and
potentially hypoxic and acidotic), making VEGF expression
within these regions difficult to interpret because of artifacts
(37, 38). Using antibodies directed against murine CD31, we
also identified increased microvessel density in the periphery of
the LNCaP-LN3 prostate tumor, which corresponded to the area
of greatest VEGF expression. This suggests that the local pro-
duction of VEGF by metastatic prostate cancer cells induced the
increase in neovascularization, which presumably resulted in
enhanced metastasis. VEGF is likely an important angiogenic
factor secreted by LNCaP cells because we did not detect
significant expression of either bFGF or IL-8 by these cells in
vitro or in vivo. However, other angiogenic molecules, such as
platelet-derived endothelial cell growth factor, transforming
growth factor-B, and angiogenin, were not measured in this
study.

VEGEF promotes the formation of new capillaries by stim-
ulating endothelial cell division and migration and by increasing
capillary permeability following ligand binding to the endothe-
lial cell surface membrane (39-41). We observed that the
VEGEF receptor protein flk was overexpressed within all LNCaP
tumors compared with normal prostate epithelium (data not
shown). In addition, the intensity of immunoreactivity to anti-
flk-1 was increased on the cell membrane of the endothelial
cells within LNCaP-LN3 tumors compared with either LNCaP
or LNCaP-Pro3, suggesting that VEGF up-regulates its own
receptors on the endothelial cells within the tumor. These ob-
servations are consistent with previous reports in which the
VEGF receptor protein flk was up-regulated in gastrointestinal
tract adenocarcinomas (33), renal cell carcinoma (34, 42), and
transitional cell carcinoma of the bladder (42).

In conclusion, these results indicate that the metastatic
potential of a human prostate cancer cell line correlates with its
VEGF expression. We further speculate that VEGF plays a role
in spontaneous metastasis subsequent to orthotopic implantation
of LNCaP cells. Studies are currently in progress to directly test
this hypothesis.
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ABSTRACT

Interleukin 8 (IL-8) is mitogenic and chemotactic for
endothelial cells. Within a neoplasm, IL-8 is secreted by
inflammatory and neoplastic cells. The highly metastatic
PC-3M-LN4 cell line overexpresses IL-8 relative to the
poorly metastatic PC-3P cell line. We evaluated whether
IL-8 expression by human prostate cancer growing within
the prostate of athymic nude mice regulates tumor angio-
genesis, growth, and metastasis. PC-3P cells were trans-
fected with the full-length sense IL-8 ¢cDNA, whereas PC-
3M-LLN4 cells were transfected with the full-sequence
antisense IL-8 cDNA. Control cells were transfected with the
neomycin resistance gene (Neo). In vitro, sense-transfected
PC-3P cells overexpressed I1.-8-specific mRNA and protein,
which resulted in up-regulation of matrix metalloproteinase
9 (MMP-9) mRNA, and collagenase activity, resulting in
increased invasion through Matrigel. After antisense trans-
fection of the PC-3M-LN4 cells, IL-8 and MMP-9 expres-
sion, collagenase activity, and invasion were markedly re-
duced relative to controls. After orthotopic implantation, the
sense-transfected PC-3P cells were highly tumerigenic and
metastatic, with significantly increased neovascularity and
IL-8 expression compared with either PC-3P cells or con-
trols. Antisense transfection significantly reduced the ex-
pression of IL-8 and MMP-9 and tumor-induced neovascu-
larity, resulting in inhibition of tumorigenicity and
metastasis. These results demonstrate that IL-8 expression
regulates angiogenesis in prostate cancer, in part by induc-
tion of MMP-9 expression, and subsequently regulates the
growth and metastasis of human prostate cancer.
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INTRODUCTION

Prostate cancer is the most common malignancy and the
second leading cause of cancer-related deaths among men in the
United States (1). Although modest improvements in early de-
tection and therapy have occurred (2, 3), most deaths from
prostate cancer are caused by metastases that resist conventional
androgen-deprivation therapy (4-6). Continued empiricism in
the treatment of advanced prostate cancer is unlikely to produce
significant improvement over current therapy. Rather, knowl-
edge of the cellular and molecular properties of prostate cancer
and of the tumor-host interactions that influence the dissemina-
tion of metastatic disease is essential for the design of more
effective treatment.

Metastasis is a highly selective process involving multiple
tumor-host interactions (7-11). A crucial step in metastasis is
vascularization in and around the tumor (12, 13). The balance
between stimulatory and inhibitory factors released by the tumor
and the microenvironment regulates this process of angiogenesis
(14-16). Human prostate cancer produces a number of proan-
giogenic factors, including VEGF? (17, 18), bFGF, (19, 20), and
IL-8 (18, 21, 22). MVD, a pathological surrogate for angiogen-
esis, correlates with stage and prognosis for patients with pros-
tate cancer (23).

IL-8 was originally identified as a leukocyte chemoattrac-
tant (24, 25) but is now also known to be an autocrine growth
factor for malignant melanoma (26) and keratinocytes (27). In
addition, IL-8 displays mitogenic and morphogenic activity for
endothelial cells (28) and regulates angiogenesis in lung cancer
(29, 30) and melanoma (31, 32). IL-8 is expressed by prostate
cancer (18, 21, 22), and this expression correlates with meta-
static potential (21). Moreover, Moore et al. (33) reported re-
cently that neutralizing antibodies to IL-8 inhibited the angio-
genic activity of PC-3 prostate cancer homogenates and reduced
tumorigenicity in vivo, implicating IL-8 as an important modu-
lator of prostate cancer growth.

Therefore, in the present study we forced the expression of
IL-8 by human prostate cancer cells to determine whether IL-8
is associated with angiogenesis in vivo and to confirm the
relationship between IL-8 expression and the subsequent tumor-
igenicity of human prostate cancer growing within the prostate
of athymic nude mice. Overexpression of MMP-2 and MMP-9,
which are regulated by transforming growth factor-$, correlated
with progression and poor survival of patients with prostate
cancer (34-38). Because IL-8 regulated the expression of

3 The abbreviations used are: VEGF, vascular endothelial cell growth
factor; bFGF, basic fibroblast growth factor; IL, interleukin; rIL, recom-
binant IL; MMP, matrix metalloproteinase; MVD, microvessel density;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CMEM, com-
plete Eagle’s minimum essential medium; ISH, in situ hybridization;
THC, immunohistochemical staining; ActD, actinomycin D; CAT, chlor-
amphenicol acetyltransferase; RT-PCR, reverse transcription-PCR.
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MMP-2 by human melanoma (32), we determined whether IL-8
also regulated MMP-9 expression by human prostate cancer.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. Cells of the highly
metastatic human prostate carcinoma cells line PC-3M-LN4
(39) and the poorly metastatic cell line PC-3P (40) were grown
as monolayer cultures in RPMI 1640 supplemented with 10%
fetal bovine serum, vitamins, sodium pyruvate, L-glutamine,
nonessential amino acids, and penicillin-streptomycin [complete
RPMI (CRPMI); Ref. 39].

Transfection and Selection of PC-3P and PC-3M-LN4
Cells Expressing IL-8. Tumor cells were plated onto 100-mm
dishes at a density of 1 X 10%dish. The monolayers (60-70%
confluent) were transfected with pcDNA3/sense IL-8, pcDNA3/
antisense IL-8 [a gift from Dr. K. Matsushima (24)], or control
pcDNA3/neo plasmids using a stable mammalian transfection
kit from Stratagene (La Jolla, CA). The cultures were placed in
a 37°C incubator for 12 h and then washed and fed with
modified complete MEM (CMEM). After 24 h, 500-1000 p.g/ml
G418 sulfate (Life Technologies, Inc., Gaithersburg, MD) were
added. The CMEM/G418 medium was replaced every 3 days
until individual resistant colonies were isolated and established
in culture as individual lines. All of the lines were maintained in
CMEM/G418 and frozen after one to three in vitro passages. To
avoid clonal variations, six positive clones were then pooled for
the in vitro and in vivo studies.

The less tumorigenic and metastatic PC-3P cells and the
highly tumorigenic, highly metastatic PC-3M-LN4 cells were
transfected with pcDNA3/sense IL-8 or pcDNA3/antisense
IL-8, respectively, or with control pcDNA3/neo. Individual
G418-resistant (500—-1000 pg/ml) colonies were established as
separate adherent cultures. We selected pooled sense IL-8 trans-
fected PC-3P cells [PC-3P(IL-8)], the highest IL-8-expressing
clone [PC-3P(IL-8 High)], and the lowest IL-8-expressing clone
[PC-3P(IL-8 Low)], and we selected pooled antisense IL-8
transfected PC-3LN4 cells [PC-3M-LN4(AS IL-8)], the highest
IL-8 expressing clone [PC-3M-LN4(AS IL-8 High)], and the
lowest IL-8 expressing clone [PC-3M-LN4(AS IL-8 Low)],
according to the expression level of IL-8 mRNA and protein as
determined by Northern blot analysis and ELISA, respectively.

Northern Blot Analysis. Polyadenylated mRNA was ex-
tracted directly from the tumors or from 10® cultured cells using
the Fasttrack mRNA isolation kit (Invitrogen, San Diego, CA).
The mRNA was electrophoresed onto 1% denatured formalde-
hyde agarose gel, electrotransferred to Genescreen nylon mem-
brane (DuPont, Boston, MA), and cross-linked with a UV
Stratalinker 1800 (Stratagene) at 120,000 mJ/cm?. Filters were
washed twice at 65°C with 30 mM NaCl/3 mM sodium citrate-
0.1% SDS (w/v). The membranes were then hybridized and
probed for IL-8, bFGF, VEGF, and MMP-9; the presence of
GAPDH was used to control for loading. The ¢cDNA probes
used were: (a) a 0.5-kb EcoRI cDNA fragment corresponding to
human IL-8 (a gift of Dr. K. Matsushima, Kanazawa, Japan;
Ref. 24); (b) a 1.4-kb cDNA fragment of bovine bFGF (41); (¢)
a 204-kb fragment of human VEGF cDNA inserted in a pPGEM-
based construct (a gift Dr. B. Berse, Harvard Medical School,
Boston, MA; Ref. 42); (d) a 1.0-kb ¢cDNA fragment correspond-

ing to human MMP-9, (21); and (e) a 1.28-kb fragment from pR
GAPDH cut with PstI (43). The insert was excised with BamHI
and EcoRI. Each ¢cDNA fragment was purified by agarose gel
electrophoresis, recovered using GeneClean (BIO 101, Inc., La
Jolla, CA), and radiolabeled by a random primer technique
using a commercial kit (Boehringer Mannheim Corp., Indian-
apolis, IN) and [a-*?P]dCTP (Amersham Corp., Arlington
Heights, IL; Ref. 44). The steady-state expression of IL-8,
bFGF, VEGF, and MMP-9 mRNA transcripts was quantified by
densitometry of autoradiographs using the Image Quant soft-
ware program (Molecular Dynamics, Sunnyvale, CA); each
sample measurement was calculated as the ratio of the average
areas of the specific mRNA transcripts to the 1.3-kb GAPDH
mRNA transcript in the linear range of the film.

ELISA for IL-8, bFGF, and VEGF. Viable cells (5 X
10%) were seeded in a 96-well plate. Conditioned medium was
removed after 24 h; the cells were washed with 200 pl of HBSS,
and 200 pl of 10% bovine serum supplemented by fresh MEM
were added. Twenty-four h later, IL-8 and VEGF in cell-free
culture supernatants and cell-associated bFGF in freeze-thaw
cell lysates were determined using the commercial Quantine
ELISA kit (R&D System, Minneapolis, MN). The protein con-
centration for each factor was then determined by absorbance
comparison to the standard curve. Results were expressed as
numbers of cells (45).

Growth Curve. Viable cells (1 X 10°) were seeded in a
96-well plate. Conditioned medium was removed after 24 h, and
the cells were washed with 200 wl of HBSS. Either 200 pl of
fresh CRPMI medium or CMEM/G418 conditioned medium
were added. Every 24 h, the numbers of viable cells in each cell
line were determined by absorbance comparison. The doubling
time of each cell line was determined by plotting the absorbance
on a semilogarithmic axis versus time (Cricket Software,
Malvern, PA). The doubling times of the PC-3P sense IL-8
transfectants (IL.-8, 40.1 h; IL-8 Low, 38.1 h; IL-8 High, 41.2 h)
were similar to those of PC-3P (38.6 h) and PC-3P(Neo) (39.1
h). The doubling times of the PC-3M-LN4 antisense IL-8 trans-
fectants (AS IL-8, 22.0 h; AS IL-8 Low, 21.5 h; AS IL-8 High,
21.7 h) were similar to those of PC-3M-LN4 (22.0 h) and
PC-3M-LN4(Neo) (22.6 h).

Collagenase Activity. To determine collagenase activity,
electrophoresis of serum-free conditioned medium was per-
formed as described previously (46). Cells (5 X 10% were
seeded in six-well plates and grown to 60—70% confluence. The
cells were washed with HBSS and grown for 24 h in serum-free
medium. The supernatant fluid was collected to determine col-
lagenase activity, and the remaining cells were counted to con-
firm the cell number. Collected samples were centrifuged to
concentrate using MICROCON microconcentrators (Amicon,
Inc., Beverly, MA.). Thirty pl in each sample with 10 pl loading
buffer (10% SDS) were electrophoresed on 20% SDS-poly-
acrylamide gels containing 1 mg/ml gelatin. After electrophore-
sis, gels were washed in 2.5% Triton X-100 to remove SDS and
allow proteins to renature. Then gels were immersed in incuba-
tion buffer containing 1% Triton X-100, 50 mm Tris (pH 7.5), 5
mM CaCl,, and 1 uM ZnCl, for 24 h at 37°C. The zymograms
were stained with 0.1% (w/v) Coomassie Blue R-250 (Sigma)
and destained in 40% methanol-10% acetic acid. Identification
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Fig. I Northern blot analysis of mRNA
;Q for IL-8, bFGF, VEGF, and MMP-9 in
the poorly tumorigenic and poorly meta-
static humnan prostate cancer cell line PC-
3P, Neo transfectant PC-3P(Neo), and
sense IL-8 transfectants PC-3P(JL-8),
PC-3P(IL-8 Low), and PC-3P(IL-8 High)
(A) and in the highly metastatic human
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(A) Sense Transfection

of a transparent band at M, 92,000 on the Coomassie blue
background of the slab gel was considered positive for the
presence of the enzymatic activity. The collagenase activity was
quantified using densitometry of Image Quant software program
(Molecular Dynamics, Sunnyvale, CA).

To determine whether the increase in MMP-9 activity is
mediated by IL-8, we incubated parental PC-3P cells in the
presence of different doses (0~20 pg/ml) of human rIL-8, and
the activity of MMP-9 was determined. We then determined the
increased activity of MMP-9 by 1IL-8 was inhibited by neutral-
ization by using an anti-IL-8 antibody (100 wg/ml), with a
nonspecific IgG (100 pg/ml) as a control.

PCR Analysis. RT-PCR analysis was performed as de-
scribed previously (47). Briefly, total cellular RNA (1 mg)
extracted from various cell lines was transcribed into cDNA
using downstreaming primers IL-8 receptors type A and B,
respectively (Reverse Transcription System;, Promega). The
reverse transcription reaction was performed at 42°C for 50 min.
PCR was performed with 40 cycles of denaturation (94°C for
1.5 min), annealing (58°C for 45 s), and extension (72°C for 2.5
min) and 7 min of extension after completion of all cycles.
Amplified fragments were analyzed on the 2% gel, and bands of
expected sizes were confirmed by sequencing. The primer se-
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1.0 1.1 0.3 0.3 0.6

1.0 1.0 1.0 1.0 1.0

1.0 1.1 1.1 1.1 1.1

prostate cancer cell line PC-3M-LN4, Neo
transfectant PC-3M-LN4(Neo), and anti-
sense IL-8 transfectants PC-3M-LN4(AS
IL-8), PC-3M-LN4(AS IL-8 Low), and
PC-3M-LN4(AS IL-8 High) (B). Differ-
ence in expression is shown by the ratio
of mRNA expression of transfectants to
that of parental cells (defined as 1.0).
GAPDH served as control for loading.
IL-8 expressions were increased 10.4-
and 15.1-fold in the PC-3P(IL-8) and
PC-3P(IL-8 High) lines, respectively,
whereas there was no change in the
mRNA expression of bFGF or VEGF.
mRNA expression of IL-8 by PC-3M-
LN4(AS IL-8) and PC-3M-LN4(AS IL-8
Low) were decreased 5.0- to 10.0-fold,
respectively, whereas there was no
change in the mRNA expression of bEGF
or VEGF. MMP-9 mRNA expressions
were increased 3.0- and 6.0-fold in PC-
3P(IL-8) and PC-3P(IL-8 High) cells, re-
spectively, and reduced 3.3- and 3.3-fold
by PC-3M-LN4(AS IL-8) and PC-3M-
LN4(AS IL-8 Low), respectively, after
transfection with IL-8 sense or antisense
transcripts.
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(B) Antisense Transfection

quences used were as follows: for IL-8 receptor type A, sense
5-AGT TCT TGG CAC GTC ATC G-3'and antisense 5'-CTT
GGA GGT ACC TCA ACA GC-3'; and for IL-8 receptor type
B, sense 5'-ACA TTC CTG TGC AAG GTG G-3’ and antisense
5'-CAG GGT GAA TCC GTA GCA GA-3'.

Invasion Assay through Matrigel. Polyinylprolidone-
free polycarbonate filters (8 pum pore size; Nucleopore; Becton
Dickinson Labware, Franklin Lakes, NJ) were coated with a
mixture of basement membrane components (Matrigel, 25 pg/
filter) and placed in modified Boyden chambers. The cells (2 X
10%) were released from their culture dishes by short exposure to
EDTA (1 mmol/l), centrifuged, resuspended in 0.1% BSA-
DMEM, and placed in the upper compartment of the Boyden
chamber. Fibroblast-conditioned medium in the lower compart-
ment served as a chemoattractant. After incubation for 6 h at
37°C, the cells on the lower surface of the filter were stained
with Diff-Quick (American Scientific Products, McGraw Park,
IL) and quantified with a cooled CCD Optotronics Tec 470
camera (Optotronics Engineering, Goletha, CA) linked to a
computer and digital printer (Sony Corporation, Tokyo, Japan).
The results were expressed as the average number of cells in the
five highest spots identified within a single X200 field on the
lower surface of the filter (48).
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Fig.2 Protein expression of IL-8, bFGF, and
VEGEF in PC-3P, Neo transfectant PC-3P(Neo),
and sense IL-8 transfectants PC-3P(IL-8), PC-
3P(IL-8 Low), and PC-3P(IL-8 High) (A) and
in PC-3M-LN4, Neo transfectant PC-3M-
LN4(Neo), and antisense IL-8 transfectants PC-
3M-LN4(AS IL-8), PC-3M-LN4(AS IL-8 Low),
and PC-3M-LN4(AS IL-8 High) (B) was ana-
lyzed by ELISA. Cells (5 X 10%well) were cul-
tured for 48 h in RPMI or CMEM/G418. Cell-
free culture supernatant was analyzed for IL-8
and VEGF. Cell lysate was analyzed for bFGF.
IL-8 expression was increased 3.0- and 4.0-fold
by the PC-3P(IL-8) and PC-3P(IL-8 High) cells,
respectively, and decreased 4.0- to 10.0-fold by
PC-3M-LN4(AS IL-8) and PC-3M-LN4(AS IL-8
Low), respectively. Changes in protein expres-
sion by the transfectant paralleled the changes
seen in mRNA expression. bFGF and VEGF pro-
tein expressions were unchanged. Bars, SD.

PROTEIN CONCENTRATION (pg / ml)

(A) Sense Transfection

Animals. Male athymic BALB/c nude mice were ob-
tained from the Animal Production Area of the National Cancer
Institute, Frederick Cancer Research Facility (Frederick, MD).
The mice were maintained in a laminar-airflow cabinet under
pathogen-free conditions and used at §—12 weeks of age. All
facilities were approved by the American Association for Ac-
creditation of Laboratory Animal Care in accordance with the
current regulations and standards of the United States Depart-
ment of Agriculture, the Department of Health and Human
Services, and the NIH.

Orthotopic Implantation of Tumor Cells. Cultured
PC-3P, PC-3M-LN4, Neo, sense, and antisense IL-8 transfected
cells (60-70% confluent) were prepared for injection as de-
scribed previously (39, 49). Mice were anesthetized with me-
thoxyflurane. For orthotopic implantation, a lower midline in-
cision was made, and viable tumor cells (2 X 10940 pl) in
HBSS were implanted into the dorsal prostate lobes using a
30-gauge needle with a 1-ml disposable syringe and a calibrated
push button-controlled dispensing device (Hamilton Syringe
Company, Reno, NV). Formation of a bulla indicated a satis-
factory injection. The prostate was returned to the abdominal
cavity, and the abdominal wall was closed with a single layer of
metal clips. Mice were killed 6 weeks after implantation of
tumor cells. The primary tumors were removed and weighed,
and the presence of metastases (in the lymph nodes) was deter-
mined grossly and microscopically. The prostates were then
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(B) Antisense Transfection

either quickly frozen in liquid nitrogen for mRNA extraction,
fixed in 10% buffered formalin, placed in OCT compound
(Miles Laboratories, Elkhart, IN), or mechanically dissociated
and put into tissue culture.

ISH Analysis. Specific antisense oligonucleotide DNA
probes were designed complementary to the mRNA transcripts
based on published reports of the cDNA sequence: IL-8 (CTC
CAC AAC CCT CTG CAC CC), 66% guanosine cytosine (GC)
content (21); bFGF (CGG GAA GGC GCC GCT GCC GCC),
85.7% GC content (41); VEGF/VPF (TGG TGA TGT TGG
ACT CTT CAG TGG GCU), 57.7% GC content (42); and
MMP-9 (CCG GTC CAC CTC GCT GGC GCT CCG GU),
80.0% GC content (21). The specificity of the oligonucleotide
sequence was initially determined by a Gene Bank European
Molecular Biology Library database search with the use of the
Genetics Computer Group sequence analysis program (Genetics
Computer Group, Madison, WI) based on the FastA algorithm;
these sequences showed 100% homology with the target gene
and minimal homology with nonspecific mammalian gene se-
quences. The specificity of each of the sequences was also
confirmed by Northern blot analysis (50). A poly d(T),, oligo-
nucleotide was used to verify the integrity and lack of degrada-
tion of mRNA in each sample. All DNA probes were synthe-
sized with six biotin molecules (hyperbiotinylated) at the 3’ end
via direct coupling with the use of standard phosphoramidite
chemical methods (Research Genetics, Huntsville, AL). The
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Fig. 3 Gelatinolytic activity of conditioned medium of PC-3P, Neo transfectant PC-3P(Neo), and sense IL-8 transfectants PC-3P(IL-8), PC-3P(IL-8
Low), and PC-3P(IL-8 High) (4) and of PC-3M-LN4, Neo transfectant PC-3M-LN4(Neo), and antisense IL-8 transfectants PC-3M-LN4(AS IL-8),
PC-3M-LN4(AS IL-8 Low), and PC-3M-LN4(AS IL-8 High) (B). CMEM was used as internal control. The difference in expression is expressed as
the ratio of gelatinolytic activity of transfectants to that of parental cells (defined as 1.0). The collagenase activity of PC-3P(IL-8) and PC-3P(IL-8
High) cells was increased 6.0- and 7.0-fold, respectively, and that of PC-3M-LN4(AS IL-8) and PC-3M-LN4(AS IL-8 Low) cells was decreased 2.5~

to 5.0-fold.

(B) Antisense Transfection
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Fig. 4 Regulation of MMP-9 activity by IL-8. We next analyzed whether the increase in MMP-9 activity is mediated by IL-8. Parental PC-3P cells
were incubated in the presence of different doses of human rIL-8 (020 pg/ml), and the activity of MMP-9 was determined. The results shown at
left indicate that IL-8 caused an increase in the activity of MMP-9 in a dose-dependent manner. Moreover, the increased activity of MMP-9 by rIL-8
was inhibited by neutralization with anti-IL-8 antibody (100 pg/ml) (right).

with Autodewaxer and Autoalcohol (Research Genetics), fol-
lowed by enzymatic digestion with pepsin. Hybridization of the
probe was performed for 45 min at 45°C, and the samples were

lyophilized probes were reconstituted to a stock solution at 1
pg/pl in 10 mmol/l Tris (pH 7.6) and 1 mmol/l EDTA. Imme-
diately before use, the stock solution was diluted with probe

dilution (Research Genetics, Huntsville, AL).

In sizt mRNA hybridization was performed as described
previously with minor modifications, (51, 52) using the Micro-
probe Manual Staining System (Fisher Scientific, Pittsburgh,
PA; Ref. 53). Tissue sections (4 wm) of formalin-fixed, paraffin-
embedded specimens were mounted on silane-treated ProbeOn
slides (Fisher Scientific; Refs. 51 and 52). The slides were
placed in the Microprobe slide holder, dewaxed, and rehydrated

then washed three times with 2X sodium saline chloride (Re-
search Genetics) for 2 min at 45°C. The samples were incubated
with alkaline phosphatase-labeled avidin for 30 min at 45°C,
rinsed in 50 mMm Tris buffer (pH 7.6), rinsed with alkaline
phosphatase enhancer for 1 min, and incubated with a chromo-
gen substrate for 15 min at 45°C. Additional incubation with
fresh chromogen substrate was performed if necessary to en-
hance a weak reaction in this assay; a red staining indicated a
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Fig.5 RT-PCR analysis was
performed by primer sequences
sense 5'-AGT TCT TGG CAC
GTC ATC G-3'and antisense
5'-CTT GGA GGT ACC TCA
ACA GC-3' for IL-8 receptor
type A and sense 5'-ACA TTC
CTG TGC AAG GTG G-3' and
antisense 5'-CAG GGT GAA
TCC GTA GCA GA-3' for IL-8
receptor type B and performed
without reverse transcriptase as
a negative control (N). RT-PCR
analysis revealed that PC-3P,
PC-3P(Neo), and sense IL-8
transfectants (IL-8, IL-8 Low,
and IL-8 High) (4), as well as
PC-3M-LN4, PC-3M-LN4(Neo),
and antisense IL-8 transfectants B
(AS IL-8, AS IL-8 Low, and AS
1L.-8 High) (B) express mRNA for
both types of IL-8 receptors.

positive reaction. Control for endogenous alkaline phosphatase
included treatment of the sample in the absence of the biotiny-
lated probe and the use of chromogen alone.

Quantification of Color Reaction. Stained sections
were examined in a Zeiss photomicroscope (Carl Zeiss, Thorn-
wood, NY) equipped with a three-chip, charge-coupled device
color camera (model DXC-969 MD; Sony Corp., Tokyo, Japan).
The images were analyzed using the Optimas image analysis
software (version 4.10; Bioscan, Bothell, WA). The slides were
prescreened by one of the investigators to determine the range in
staining intensity of the slides to be analyzed. Images covering
the range of staining intensities were captured electronically, a
color bar (montage) was created, and a threshold value was set
in the red, green, and blue mode of the color camera. All
subsequent images were quantified based on this threshold. The
integrated absorbance of each field was determined based on its

- 361 bp
- 265 bp

equivalence to the mean log inverse gray value multiplied by the
area of the field. The samples were not counterstained; there-
fore, the absorbance was attributable solely to the product of the
ISH reaction. Three different fields in each sample were quan-
tified to derive an average value. The intensity of staining was
determined by comparison with the integrated absorbance of
poly d(T),,- The results were presented as the number of cells
for each cell line compared with the control, which was set to
100 (45).

THC. For immunohistochemical analysis, frozen tissue
sections (8-pm thick) were fixed with cold acetone. Tissue
sections (5-wm thick) of formalin-fixed, paraffin-embedded
specimens were deparaffinized in xylene, rehydrated in graded
alcohol, and transferred to PBS. The slides were rinsed twice
with PBS, antigen retrieval was performed with pepsin for 12
min, and endogenous peroxidase was blocked by the use of 3%
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hydrogen peroxide in PBS for 12 min. The samples were
washed three times with PBS and incubated for 20 min at room
temperature with a protein-blocking solution of PBS (pH 7.5)
containing 5% normal horse serum and 1% normal goat serum.
Excess blocking solution was drained, and the samples were
incubated for 18 h at 4°C with the appropriate dilution (1:100)
of rat monoclonal anti-CD31 antibody (PharMingen, San Diego,
CA; Ref. 54), a 1:50 dilution of a rabbit polyclonal anti-IL-8
antibody (Biosource International, Camarillo, CA), a 1:500 di-
lution of rabbit polyclonal anti-bFGF antibody (Sigma Chemical
Co., St. Louis, MO), a 1:500 dilution of rabbit polyclonal
anti-VEGF/VPF antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), or a 1:100 dilution of mouse monoclonal anti-
MMP-9 antibody (Oncogene Research Products, Cambridge,
MA). The samples were then rinsed four times with PBS and
incubated for 60 min at room temperature with the appropriate
dilution of the secondary antibody: peroxidase-conjugated anti-
rat IgG (H+L) (Jackson ImmunoResearch Laboratory, Inc.,
West Grove, PA), antirabbit 1gG, F(ab), fragment (Jackson
ImmunoResearch Laboratory, Inc.), or antimouse IgG1 (Phar-
Mingen, San Diego, CA). The slides were rinsed with PBS and
incubated for 5 min with diaminobenzidine (Research Genetics).
The sections were then washed three times with PBS, counter-
stained with Gill’s hematoxylin (Biogenex Laboratories, San

AS IL-8
Low

IL-8 High

W ! Fig. 6 Migration of cells (2 X
N 10°) of sense transfectants (A)
and antisense transfectants (B)
through Matrigel-coated filters
into fibroblast-conditioned me-
dium as a source of chemoattrac-
tants, expressed as the average
o oL . number of cells in the five high-
T wt est spots identified within a sin-
gle X200 field on the lower sur-
face of the filter. The number of
migrated cells that penetrated
through the Matrigel-coated fil-
ters increased 3.0- and 4.0-fold
for the PC-3P(IL-8) and PC-
3P(IL-8 High) cells, respectively
(P < 0.005), whereas the num-
bers of cells migrating were
markedly reduced in PC-3M-
LN4(AS 1IL-8) and PC-3M-
LN4(AS IL-8 Low) cells relative
to controls, with 80 and 85%
reductions, respectively (P <
0.005).
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Ramon, CA), and again washed three times with PBS. The
slides were mounted with Universal Mount mounting medium
(Research Genetics).

Quantification of Microvessel Density. Microvessel
density was determined by light microscopy after immuno-
staining frozen sections with anti-CD31 antibodies as described
by Weidner er al. (55). Clusters of stained endothelial cells
distinct from adjacent microvessels, tumor cells, or other stro-
mal cells were counted as one microvessel. The tissue was
recorded using a cooled CCD Optotronics Tec 470 camera
(Optotronics Engineering, Goletha, CA) linked to a computer
and digital printer (Sony Corp.). The density of microvessels
was expressed as the average number of the five highest areas
identified within a single X200 field.

Quantification of Intensity of Immunostaining. The
intensity of immunostaining of IL-8, bFGF, VEGF, and MMP-9
was quantitated in each sample by an image analyzer using the
Optimas software program (Bioscan). Three different areas in
each sample were quantified to yield an average measurement.
The results were presented as the number of cells for each cell
line compared with the control, which was set to 100 (45).

MMP-9 mRNA Half-Life Studies. To determine the
effect of IL-8 on MMP-9 mRNA stability, PC-3P, PC-3P(Neo),
and PC-3P(IL-8) cells and PC-3M-LN4, PC-3M-LN4(Neo), and
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Fig. 7 Effect of IL-8 expres-
sion on CAT activity driven by
the MMP-9 promoter in sense
(A) and antisense (B) IL-8 trans-
fectants. The CAT activity was
evaluated as the ratio of acety-
lated species to all species. Dif-
ferences in expression are shown
as the ratio of CAT activity of
transfectants to that of parental
cells (defined as 1.0). CAT activ-
ity levels driven by MMP-9
promoter in PC-3P(IL-8) and
PC-3P(IL-8 High) cells were in-
creased 1.5- and 2.9-fold, re-
spectively, compared with either
PC-3P or PC-3P(Neo) and de-
creased 2.5- and 10.0-fold by
PC-3M-LN4(AS IL-8) and PC-
3M-LN4(AS IL-8 Low) cells,
respectively, compared with ei-
ther PC-3M-LN4 or PC-3M-
LN4(Neo).

(A) Sense Transfection

PC-3M-LN4(AS IL-8) cells were incubated for 24 h. Further
transcription in the cells was then blocked by the addition of
ActD (Calbiochem-Novabiotechnology, Inc., Lake Placid NY;
final concentration, 5 pg/ml). Total RNA was extracted from
the cells at 0, 1, 2, and 4 h after the addition of ActD, and
MMP-9 mRNA expression was determined by Northern blot
analysis. MMP-9 mRNA expression of each time point was
compared with the control value (total RNA extracted from cells
prior to ActD treatment was arbitrarily defined as 100%). The
half-life of MMP-9 mRNA was determined by plotting relative
MMP-9 mRNA expression levels on a semilogarithmic axis
versus time (Cricket Software).

CAT Assay. Using the FuGENE 6 protocol (Boehringer
Mannheim Corp.), we transfected with the basic CAT expres-
sion vector with no promoter/enhancer sequences (pCAT-basic)
or a control plasmid with SV40 promoter and enhancer (pCAT-
control; Promega Corp., Madison, WI) into PC-3P cells, sense-
transfected PC-3P cells, PC-3M-LN4 cells, antisense-trans-
fected PC-3M-LN4 celis, and each Neo transfectant. One copy
of the full sequence human 570-bp MMP-9 promoter (a gift of
Dr. Seiki Motoharu, University of Tokyo, Tokyo, Japan) was
ligated upstream of the basic CAT expression vector. We trans-
fected 5 X 10% cells/well in a six-well tissue culture dish with
2.5 wg of the reporter CAT constructs and 2.5 pg of a B-actin
expression plasmid. After 48 h, extracts were prepared from all
plates, normalized for B-actin activity, and assayed for CAT
activity (56), as Hudson et al. (57) described previously. Each
assay was repeated twice; there was <<10% variation in trans-
fection efficiency. The CAT assay was quantified by densitom-
etry of autoradiographs with the use of the ImageQuant software
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program (Molecular Dynamics, Sunnyvale, CA) and was eval-
uated as the ratio of acetylated species to all species.
Statistical Analysis. The Mann-Whitney U test analyzed
the statistical differences in vessel counts and staining intensity
for IL-8, bFGF, VEGF, and MMP-9 of prostate tumors. The
incidences of tumor and metastasis were statistically analyzed
by x? test. A value of P < 0.05 was considered significant.

RESULTS

In Vitro Expression of IL-8, bFGF, VEGF, and MMP-9.
Northern blot analysis for IL-8, bFGF, and VEGF steady-state
gene expression by PC-3P, PC-3P(IL-8), PC-3P(IL-8 Low),
PC-3P(IL-8 High), and PC-3P(Neo) is shown in Fig. 14, and
that by PC-3M-LN4, PC-3M-LN4(AS IL-8), PC-3M-LN4(AS
IL-8 Low), PC-3M-LN4(AS IL-8 High), and PC-3M-LN4(Neo)
is shown in Fig. 1B. The level of expression is shown as the ratio
of mRNA expression by the transfectants to that by the corre-
sponding parental and Neo transfectant cell lines (which in both
cases was equivalent for all three factors). IL-8 mRNA expres-
sion levels were increased 10.4- and 15.1-fold higher in PC-
3P(IL-8) and PC-3P(IL-8 High), respectively, than in either
PC-3P or PC-3P(Neo), whereas there was no change in the
mRNA expression of bFGF or VEGF. The mRNA expression
levels of IL-8 in PC-3M-LN4(AS IL-8) and in PC-3M-LN4(AS
IL-8 Low) were only about one-fifth and one-tenth of those for
either PC-3M-LN4 or PC-3M-LN4(Neo), respectively, whereas
there was no change in the mRNA expression of bFGF or
VEGF. IL-8, bFGF, and VEGF protein production by PC-3P,
PC-3M-LN4, and the transfected cell lines was evaluated by
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Table ] Tumorigenicity and production of spontaneous metastases after orthotopic implantation of PC-3P, PC-3P(Neo), and sense IL-8
transfectants and of PC-3M-LN4, PCM-LN4 (AS Neo), and antisense IL-8 transfectant in prostate of nude mice

Tumorigenicity Lymph node metastasis

Median prostate weight Median lymph node weight

Cell line Incidence (range) (mg) Incidence (range) (mg)

Sense transfection

PC-3P 4717 55 (24-480) 4/7 20 (16-28)

PC-3P(Neo) 6/9 120 (27-443) 4/9 24 (15-32)

PC-3P(L-8) 8/8" 1,270 (258-1,850)" 8/8¢ 93 (36-124)"

PC-3P(IL-8 Low) 5/8 155 (25-720) 5/8 38 (25-69)

PC-3P(IL-8 High) 9/9¢ 1,975 (355-2,915)" 9/9¢ 131 (55-188)"
Antisense transfection

PC-3M-LN4 5/5 1,921 (250-3,359) 5/5 101 (19-155)

PC-3M-LN4(AS Neo) 5/5 543 (312-713) 5/5 110 (24-122)

PC-3M-LN4(AS IL-8) 2/84 (33, 36)¢ o8

PC-3M-LN4(AS IL-8 Low) 2/8° (31, 39y o8

PC-3M-LN4(AS IL-8 High) 6/9 39 (30-525) 0/9

@ P < (.05 against PC-3P and PC-3P Neo (x* test).

b P < 0.005 against PC-3P and PC-3P(Neo) (Mann-Whitney statistical comparison).

P < 0.05.

4 Explants grown in culture; no detectable tumor by immunohistochemistry.

¢ P < 0.0005 against PC-3M-LN4 and PC-3M-LN4(As Neo) (Mann-Whitney statistical comparison).
7P < 0.0005 against PC-3M-LN4 and PC-3M-LN4(As Neo) (x* test).

Table 2 The mRNA expression level, protein expression level, and MVD in prostate tumor with PC-3P, PC-3P(Neo), and sense IL-8
transfectants and with PC-3M-LN4, PC-3M-LN4 (AS Neo), and antisense IL-8 transfectants

Protein expression index”

¢

mRNA expression index” . .
Microvessel density

Cell line 1L-8 bFGF VEGF MMP-9 1L-8 BFGF VEGF MMP-9 (per X200 field)
Sense transfection ’
PC-3P 100 100 100 100 100 100 100 100 40+9
PC-3P(Neo) 117 98 99 119 108 96 105 117 45+ 6
PC-3P(IL-8) 288 99 94 295 300 100 100 275 51+ 124
PC-3P(IL-8 Low) 182 100 96 178 215 96 111 192 80 * 13
PC-3P(IL-8 High) 371 102 96 349 275 104 105 275 91 + 187
Antisensc transfection
PC-3M-LN4 100 100 100 100 100 100 100 100 100 = 20
PC-3M-LN4(AS Neo) 101 101 97 102 100 102 96 96 104 = 23
PC-3M-LN4(AS IL-8 High) 58 98 94 68 57 102 100 67 47 £ 14°

“The intensity of the cytoplasmic color reaction was quantified by an image analyzer and compared with maximal intensity of poly d(T) color
reaction in each sample. The results were presented as the number of calls for each line with PC-3P and PC-3M-LN4 defined as 100.

» The intensity of the cytoplasmic immunostaining was quantified by an image analyzer in three different areas of each sample to yield an average
measurement and compared with the intensity of the normal epithelial cells of prostate glands and adjusted to the intensity of the cells of the tumors

with parental cell line defined as 100.
¢ MVD was expressed as an average number of five highest areas identified within a single X200 field.

4P < 0.005 against PC-3P and PC-3P(Neo).
¢ P < 0.005 against PC-3M-LN4 and PC-3M-LN4 and PC-3M-LN4(As Neo) (Mann-Whitney statistical comparison).

antisense IL-8 transcripts. Fig. 1 shows that MMP-9 mRNA
expression levels were 3.0- and 6.0-fold higher in PC-3P(IL-8)
and PC-3P(IL-8 High) cells, respectively, compared with their
controls, but the values for both PC-3M-LN4(AS IL-8) and
PC-3M-LN4(AS IL-8 Low) cells were only one-third of that of
their controls. These results demonstrate that IL-8 regulates
MMP-9 mRNA expression by the PC-3P and PC-3M-LN4

ELISA (Fig. 2.). Changes in protein expression by the transfec-
tants paralleled the changes seen in mRNA expression. IL-8
expression levels were 3.0- and 4.0-fold higher in the PC-
3P(IL-8) and PC-3P(IL-8 High) cells, respectively, than in the
PC-3P parental cell line. PC-3M-LN4(AS IL-8) and PC-3M-
LN4(AS IL-8 Low) cell lines were only one-quarter and one-
tenth of those in the parental PC-3M-LN4 cells, respectively.

bFGF and VEGF protein expression levels were unchanged in
all cell lines after transfection.

Metalloproteinase Expression after IL-8 Transfection.
Because IL-8 regulates protease activity by human melanoma,
we evaluated whether MMP-9 expression was altered in the
PC-3P and PC-3M-LN4 cells by transfection with sense or

human prostate cancer cells. Our results are consistent with
reports that IL-8 regulates MMP expression by malignant mel-
anoma (31, 32).

Collagenase Activity. To demonstrate that MMP-9 ex-
pressed by the transfected cells is biologically active, collagen-
ase activity of the transfected cells was determined by zymog-
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Fig. 8 ISH in PC-3P, Neo transfectant PC-3P(Neo), and sense IL-8 transfectants PC-3P(Neo) and sense IL-8 transfectants PC-3P(IL-8), PC-3P(IL-8
Low), and PC-3P(IL-8 High) (A), and in PC-3M-LN4, Neo transfectant PC-3M-LN4(Neo), and antisense IL-8 transfectants PC-3M-LN4(AS IL-8),
PC-3M-LN4(AS IL-8 Low), and PC-3M-LN4(AS IL-8 High) (B). The intensity of staining was determined by comparison with the integrated
absorbance of poly d(T),,, which was set to 100. The mRNA expression of IL-8 and MMP-9 was increased 2.5- and 3.0-fold in the tumor of
PC-3P(IL-8) and PC-3P(IL.-8 High) relative to PC-3P or PC-3P(Neo), respectively. The tumor of PC-3M-LN4(AS IL-8 High) showed a 40% reduction
in the mRNA expression of IL-8 and a 30% reduction in the mRNA expression of MMP-9 relative to that of either parental PC-3M-LN4 or
PC-3M-LN4(Neo).
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raphy after normalizing the volume of supernatant for cell
number (Fig. 3). By densitometry, the collagenase activity of
PC-3P(IL-8) and PC-3P(IL-8 High) cells was increased 6.0- and
7.0-fold, compared with either PC-3P or PC-3P(Neo) (Fig. 34),
respectively, whereas that of PC-3M-LN4(AS IL-8) and PC-
3M-LN4(AS IL-8 Low) was decreased 2.5- and 5.0-fold com-
pared with either PC-3M-LN4 or PC-3M-LN4(Neo), respec-
tively (Fig. 3B).

We next analyzed whether the increase in MMP-9 activity
is mediated by IL-8 (Fig. 4). To that end, parental PC-3P cells
were incubated in the presence of different doses of human
rIL-8, and the activity of MMP-9 was determined by zymogra-
phy after normalizing the volume of supernatant for cell num-
ber. The results shown in Fig. 4A indicate that IL-8 caused an
increase in the activity of MMP-9. Moreover, the increased
activity of MMP-9 by rIL-8 was inhibited by neutralization with
anti-IL-8 antibody (Fig. 4B).

RT-PCR Analysis. RT-PCR analysis revealed that PC-
3P, PC-3P(Neo), and sense IL-8 transfectants (IL-8, IL-8 Low,
and IL-8 High; Fig. 5A), as well as PC-3M-LN4, PC-3M-
LN4(Neo), and antisense IL-8 transfectants (AS IL-8, AS IL-8
Low, and AS IL-8 High; Fig. 5B), express mRNA for both IL-8
receptors.

Invasion Assay through Matrigel. We next analyzed
whether the expression of MMP-9 and collagenase activity by
the IL-8-transfected cells correlated with invasion through the
basement membrane. PC-3P(IL-8) and PC-3P(IL-8 High) cells
exhibited increased invasion through Matrigel-coated filters,
with 3.0- and 4.0-fold increases, compared with either PC-3P or
PC-3P(Neo) (P < 0.005), respectively (Fig. 6A). Invasion by
PC-3M-LN4(AS IL-8) and PC-3M-LN4(AS IL-8 Low) was 80
and 85% lower, compared with invasion by PC-3M-LN4 or
PC-3M-LN4(Neo) (P < 0.005), respectively (Fig. 6B).

CAT Activity. The full-sequence MMP-9 promoter was
linked upstream of the CAT reporter gene and transfected into
PC-3P, PC-3M-LN4, sense IL-8 transfected, antisense IL-8
transfected, and the Neo-transfected cells to examine the effect
of IL-8 expression on MMP-9 transcription. Forty-eight h after
transfection, cell extracts were prepared, and equivalent
amounts of extracts exhibiting the same B-actin activity were
tested for CAT activity. CAT activity driven by MMP-9 pro-
moter in PC-3P(IL-8) and PC-3P(IL-8 High) was increased 1.5-
and 2.9-fold (Fig. 7A) compared with either PC-3P or PC-
3P(Neo), respectively, and decreased 2.5- and 10.0-fold by
PC-3M-LN4(AS IL-8) and PC-3M-LN4(AS IL-8 Low) (Fig.
7B) compared with either PC-3M-LN4 or PC-3M-LN4(Neo),

respectively. CAT activity driven by the SV40 promoter was the
same in both cell populations and served as an additional inter-
nal control for transfection efficiency. Next, the stability of
MMP-9 mRNA was investigated by examining its half-life. The
half-life of MMP-9 mRNA of PC-3P(IL-8) was similar to that of
PC-3P or PC-3P(Neo), and that of PC-3M-LN4(AS IL-8) was
similar to that of PC-3M-LN4 or PC-3M-LN4(Neo) (data not
shown).

Tumorigenicity and Production of Metastasis. To
evaluate whether IL-8 expression regulates tumorigenicity and
metastasis of androgen-independent prostate cancer, we im-
planted PC-3P, PC-3M-LN4, Neo-transfected, and the IL-8
sense- and antisense-transfected cells into the prostate of athy-
mic nude mice and evaluated tumor growth and metastasis 6
weeks later (Table 1). The PC-3P(IL-8) and PC-3P(IL-8 High)
tumors were larger than the PC-3P and PC-3P(Neo) tumors
[mean weight (range; P): 1270 mg (258-1850 mg; P < 0.005)
and 1975 mg (355-2915 mg; P < 0.005) versus 55 mg (24-480
mg) and 120 mg (27-443 mg)]. Moreover, the incidences of
spontaneous lymph node metastasis, as well as tumor burden
within the metastatic lymph nodes, were significantly greater for
the PC-3P(IL-8) and PC-3P(IL-8 High) cell lines than for the
PC-3P and PC-3P(Neo) [incidences: 8 of 8, 9 of 9, 4 of 7, 4 of
9, respectively (P < (.05); mean lymph node weight (range): 93
mg (36-124 mg), 131 mg (55-188 mg), 20 mg (16-28 mg), and
24 mg (15-32 mg), respectively; P < 0.005]. Conversely, the
tumorigenicity of PC-3M-LN4 was significantly inhibited when
IL-8 expression was reduced by antisense IL-8 transfection.
Only two of eight mice implanted with PC-3M-LN4(AS IL-8)
(tumor weights, 33 and 36 mg) and PC-3M-LN4(AS IL-8 Low)
(tumor weights, 31 and 39 mg) developed tumors at 6 weeks
(P < 0.01) compared with the mice implanted with PC-3M-LN4
and PC-3M-LN4(Neo). These tumors were not apparent histo-
logically but grew out as tissue explants in culture. Tumorige-
nicity was also inhibited in PC-3M-LN4(AS IL-8 High), but this
difference did not reach statistical significance. There was a
significant reduction in spontaneous lymph node metastases at 6
weeks in mice implanted with PC-3M-LN4(AS IL-8), PC-3M-
LN4(AS IL-8 Low), or PC-3M-LN4(AS IL-8 High) (no mice
developed metastasis) compared with mice implanted either
PC-3M-LN4 or PC-3M-LN4(Neo) (all mice developed metas-
tasis; P < 0.0005). Therefore, IL-8 expression by PC-3P and
PC-3M-LN4 regulates both tumorigenicity and metastasis in
androgen-independent prostate cancer.

Fig. 9 IHC and MVD in PC-3P, Neo transfectant PC-3P(Neo), sense IL-8 transfectants PC-3P(Neo) and sense IL-8 transfectants PC-3P(IL-8),
PC-3P(IL-8 Low), and PC-3P(IL-8 High) (A) and in PC-3M-LN4, Neo transfectant PC-3M-LN4(Neo), and antisense IL-8 transfectants PC-3M-
LN4(AS IL-8), PC-3M-LN4(AS IL-8 Low), and PC-3M-LN4(AS IL-8 High) (B). Three different areas in each sample were quantified to obtain an
average measurement of intensity of immunostaining. The density of microvessels was expressed as the average of the five highest area identified
within a single X200 field. The protein expressions of IL-8 and MMP-9 were increased 2.5- and 3.0-fold in the tumor of PC-3P(IL-8) relative to that
of either parental PC-3P or PC-3P(Neo), respectively. The tumor of PC-3M-LN4(AS IL-8 High) showed a 40% reduction in the protein expression
of IL-8 and a 30% reduction in the protein expression of MMP-9 relative to that of either PC-3M-LN4 or PC-3M-LN4(Neo). The number of CD31*
microvessels counted per X200 field in prostate tumors of PC-3P(IL-8) cells was increased from 40 + 9 or 45 = 6 in the tumors of parental PC-3P
or PC-3P(Neo) to 80 + 13 and 91 * 18 in that of PC-3P(IL-8) and PC-3P(IL-8 High) cells, respectively (P < 0.005). The number of CD31%
microvessels was reduced from 100 % 20 or 104 * 23 in the tumors of parental PC-3M-LN4 or PC-3M-LN4(Neo), respectively, to 47 % 14 in that

of PC-3M-LN4(AS IL-8 High) cells (P < 0.005).
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In Vivo Expression of IL-8, bFGF, VEGF, and MMP-9.
IL-8, bFGF, VEGF, and MMP-9 mRNA and protein were
evaluated by ISH (Table 2; Fig. 8) and IHC (Table 2; Fig. 9),
respectively. The mRNA and protein expressions of IL-8 and
MMP-9 were increased 2.5- and 3.0-fold in the PC-3P(IL-8) and
PC-3P(IL-8 High) tumors, respectively, relative to either PC-3P
or PC-3P(Neo). The PC-3M-LN4(AS IL-8 High) tumors
showed a 42% reduction in the mRNA and protein expression of
IL-8 and a 33% reduction in the mRNA and protein expression
of MMP-9 relative to either PC-3M-LN4 or PC-3M-LN4(Neo)
tumors. There was no change in the mRNA and protein expres-
sion of bFGF or VEGF in the IL-8-transfected tumors.

Tumor Angiogenesis. Tumor-induced neovasculariza-
tion (as indicated by MVD) was determined by IHC using
anti-CD31 antibodies (Table 2; Fig. 9). The numbers of CD31*
microvessels counted per X200 field were 40 = 9 and 45 * 6
in PC-3P and PC-3P(Neo), respectively, compared with 80 * 13
and 91 = 18 in PC-3P(IL-8) and PC-3P(IL-8 High), respectively
(P < 0.005). Conversely, antisense IL-8 transfection of PC-3M-
LN4 significantly decreased MVD from 100 = 20 and 104 = 23
in the PC-3M-LN4 and PC-3M-LN4(Neo) tumors, respectively,
to 47 * 14 in the PC-3M-LN4(AS IL-8 High) tumors (P <
0.005; Table 2; Fig. 9). Because the PC-3M-LN4(IL-8) and
PC-3M-LN4(AS IL-8 Low) cells grew only as explants in tissue
culture, we could not evaluate MVD. These studies indicate that
tumor-induced neovascularization correlates directly with IL-8
expression, tumorigenicity, and metastasis.

DISCUSSION

Prostate cancer growth and metastasis depend upon the
ability of the cancer to induce its own blood supply (18, 21, 23).
This process of angiogenesis depends on the outcome between
stimulatory and inhibitory regulation by the tumor and its mi-
croenvironment (14-16). Human prostate cancer express a
number of angiogenesis factors including VEGF (17, 18, 58),
bFGF (19, 20), and IL-8 (18, 21, 22, 33). The metastatic poten-
tial of the LNCaP prostate cancer cell line correlates with VEGF
(58), and that of the PC-3 lineage with bFGF and IL-8 expres-
sion (19, 21). Recently, Moore et al. (33) provided direct evi-
dence that IL-8 regulates the growth of PC-3. They reported that
neutralizing antibodies to IL-8 reduced the angiogenic activity
of PC-3 homogenates and inhibited tumor growth after ectopic
implantation in SCID mice, suggesting that the growth inhibi-
tion seen after treatment with IL-8 neutralizing antibodies is
secondary to inhibition of tumor-induced angiogenesis. The
present study provides direct evidence for the role of IL-8 in
regulating tumor-induced neovascularization and subsequent
growth of human prostate cancer implanted within the prostate
of athymic nude mice. Our results are similar to those reported
by Luca et al. (32), who enforced the expression of IL-8 in the
SB-2 melanoma cell line by sense transfection and demonstrated
that IL-8 regulated tumorigenicity in human melanoma.

We enforced IL-8 expression by transfecting the poorly
tumorigenic and poorly metastatic human prostate cancer cell
line PC-3P (which expresses relatively low levels of IL-8) with
the sense IL-8 construct and were able to establish several cell
lines that overexpress IL-8 relative to the originat PC-3P cell
line. These sense IL-8-transfected cells demonstrated enhanced

tumor growth and metastasis compared with the PC-3P or
PC-3P(Neo) cells and demonstrated enhanced tumor-induced
neovascularization, growth within the prostate, and spontaneous
metastasis to the lymph nodes. Conversely, after antisense IL-8
transfection, we were able to reduce IL-8 expression by the
highly tumorigenic and metastatic PC-3M-LN4 cell line (which
expresses relatively high levels of IL-8) and to inhibit tumor-
induced neovascularization, growth within the prostate, and
metastasis. Because neither bFGF nor VEGF expression was
altered by IL-8 transfection, we conclude that these effects are
independent of the activity of these angiogenesis factors. Be-
cause IL-8 transfection did not affect in vitro proliferation of
PC-3P or PC-3M-LN4, the effects on growth and metastasis are
independent of proliferation, although the cells do have both
type A (CXCRI1; Refs. 59 and 60) and type B (CXCR2; Refs. 59
and 60) of the TL-8 receptors. Therefore, our results provide
evidence for the involvement of IL-8 in the induction of in vivo
angiogenesis and in the subsequent growth and metastasis of
prostate cancer. These tesults are similar to previous reports in
which transfection with VEGF or bFGF increased MVD and
enhanced tumor growth and metastasis of melanoma and breast
cancer (61—63). However, because of the differences in tumor
size between control and IL-8 sense and antisense transfectants,
the difference in tumor-induced angiogenesis and in metastatic
potential may reflect tumor size.

The metastatic potential of prostate cancer depends upon
the expression of several metastasis-related genes, such as IL-8,
that regulate endothelial cell proliferation and capillary morpho-
genesis (28), and other genes, such as MMP-9, that regulate the
degradation of the extracellular matrix (35, 64). The local pro-
duction of MMP-9 or other proteases, such as plasminogen
activator, by prostate cancer cells or stroma facilitates the local
degradation of the extracellular matrix and results in tumor
invasion and subsequent metastasis (35, 64—66). The proteo-
lytic effect of MMPs facilitates the migration of endothelial
cells through the altered extracellular matrix toward the source
of the angiogenic stimulus; in this manner, MMPs are an inte-
gral component of the angiogenesis pathway. The highly met-
astatic PC-3M-LN4 expresses high levels of MMP-9 compared
with the poorly metastatic PC-3P cell line. Recently, Luca et al.
(32) reported that IL-8 regulates MMP-2 activity by malignant
melanoma cells. They transfected the melanoma cell line SB-2
with the sense IL-8 transcript and up-regulated MMP-2 expres-
sion and collagenase activity. They considered this up-regula-
tion of collagenase activity to be an important mechanism that
explained the associated increase in metastatic ability demon-
strated by the sense-transfected SB-2 cells. Similarly, we found
that the activity of both MMP-9 by human prostate cancer cells
directly correlated with their expression of IL-8. Moreover,
when we altered the expression of IL-8 by sense or antisense
transfection, we observed a corresponding change in MMP-9
expression and activity both in vitro and in vivo. The MMP-9
induced by sense transfection was biologically active, because it
increased collagenase activity and increased cellular invasion
through Matrigel. When MMP-9 activity was reduced after
antisense transfection, both collagenase activity and invasion
through Matrigel decreased. The altered local growth of the
antisense-transfected tumors may reflect a relative growth inhi-
bition secondary to the inability to induce a robust microcircu-
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lation, whereas the loss of metastatic potential may be attribut-
able to both a decrease in the tumor-induced neovascularization
by IL-8 and a reduction in invasion attributable to the reduction
in MMP-9 activity. Conversely, increased IL-8 expression by
the sense IL-8-transfected prostate cancer cells may explain
their enhanced tumorigenicity, whereas both increased IL-8 and
MMP expression may contribute to their increased metastatic
potential. Because these experiments were conducted in athymic
nude mice, they do not address the well-established role of IL-8
in tumor immunity (25).

MMP-9 expression is regulated by both transcriptional and
posttranscriptional events. Whereas bFGF and VEGF regulate
the transcription of MMP-9 through activation of Ets-1 and
Ets-2 binding sites in the promoter (67, 68), transforming
growth factor-B1 up-regulates MMP-9 by increasing mRNA
stability (37). IL-8 probably regulates MMP-9 expression at the
level of transcription. We evaluated MMP-9 mRNA stability
and the level of gene transcription of MMP-9 in IL-8 transfec-
tants and control cells. Although the expression of MMP-9
mRNA varied among the IL-8 transfectants and controls, the
stability of MMP-9 mRNA was not changed by transfection
with sense or antisense IL-8. However, CAT activity driven by
the MMP-9 promoter was up-regulated in IL-8 sense transfec-
tants and down-regulated after antisense transfection. bFGF
regulates MMP-9 expression in human bladder cancer. Because
bFGF levels were not affected by IL-8 transfection, the regula-
tion of MMP-9 transcription in PC-3P and PC-3M-LN4 cells is
independent of bFGF and likely regulated by IL-8. These results
are in keeping with the report of Luca e al. (32), who found that
IL-8 regulated MMP-2 gene transcription.

In summary, our present study demonstrates that IL.-8
regulates angiogenesis, tumorigenesis, MMP-9 expression, and
metastasis by androgen-independent human prostate cancer.
This effect may be mediated, in part, by the regulation of the
expression and activity of MMP-9.
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ABSTRACT

The tumor grade (Gleason score) in the biopsy and
pretherapy prostate-specific antigen level do not accurately
predict disease outcome of individual patients’ prostate can-
cer. We used a rapid colorimetric in situ hybridization tech-
nique to evaluate the expression level of E-cadherin (which
affects cell cohesion); matrix metalloproteinases (MMPs)
types 2 and 9 (which affect invasion); and vascular endothe-
lial growth factor/vascular permeability factor (which af-
fects angiogenesis) in archival prostatectomy specimens
from 40 patients. Intratumoral heterogeneity for gene ex-
pression (edge versus center versus perineural area) was
more pronounced in advanced cancers than in those that
were organ confined. Regardless of Gleason score, the high-
est expression level for E-cadherin was found in the center
or perineural area of the tumors, whereas the highest ex-
pression levels for MMP-2 and MMP-9 were associated with
the invasive edge. The relationship between advancing path-
ological stage and expression of all four metastasis-related
genes was highly significant. Decreased expression of E-
cadherin and increased expression of MMP-2, MMP-9, and
vascular endothelial growth factor/vascular permeability
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factor were associated with the Gleason score of the tumors.
Irrespective of serum prostate-specific antigen level or Glea-
son score, the ratio between expression of MMPs and E-
cadherin at the invasive edge of tumors exhibited the strong-
est association with nonorgan-confined prostate cancer.
These data suggest that the relative expression of metastasis-
related genes in radical prostatectomy specimens can distin-
guish between organ-confined and advanced prostate can-
cers and provides the rationale for a prospective study
correlating gene expression in pretherapy core biopsies with
outcome.

INTRODUCTION

Prostate cancer is the most common cancer and the second
leading cause of cancer death in men in the United States (1).
Despite earlier diagnosis and presumably smaller tumor vol-
umes, 35-50% of patients with clinically organ-confined pros-
tate cancer will be shown to have extraprostatic disease subse-
quent to radical prostatectomy (2—4). The strongest predictive
factors for advanced disease are the Gleason score, serum PSA,?
and clinical stage (5). Of the three, Gleason score and pre-
therapy PSA levels are the most important.

The Gleason grading system in biopsy or prostatectomy
specimens is a measure of biological aggressiveness and corre-
lates well with final pathological stage and the prognosis of
prostate cancer patients (5-9). Serum PSA is strongly associated
with tumor volume and several other factors and also correlates
with stage (10~12). Both serum PSA and Gleason score provide
significant prognostic information as individual variables when
their values are at the very high (PSA level >20 ng/ml; Gleason
score =8) or low ends (PSA level <4 ng/ml; Gleason score
2-4) of the spectrum (13, 14). However, most patients present
with intermediate PSA levels and Gleason scores (5, 9). Re-
cently, several groups have combined clinical stage, serum PSA
level, and Gleason score to generate “nomograms” that predict
for pathological stage or prognosis (5, 9, 15). Although these
efforts allow a “ballpark™ estimate of prognosis to be made with
readily available clinical data, they do not predict with accuracy
disease outcome of individual patient’s prostate cancer.

Recent advances in the understanding of the molecular
regulation of cancer metastasis and the design of molecular

3 The abbreviations used are: PSA, prostate-specific antigen; ISH, in situ
hybridization; VEGF/VPF, vascular endothelial growth factor/vascular
permeability factor; MMP, matrix metalloproteinase; TNM, Tumor-
Node-Metastasis; NGF, nerve growth factor.
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diagnostic tools have provided new procedures with which to
predict the malignant potential of individual human cancers
(16). The outcome of metastasis is determined by multiple
interactions between metastatic tumor cells and host factors (16,
17). To produce clinically relevant metastases, tumor cells must
complete all steps in the metastatic cascade (18, 19). Thus, the
failure to produce a metastasis can be attributable to different
single or multiple deficiencies (19). We have developed a rapid
colorimetric ISH technique to evaluate gene expression in for-
malin-fixed, paraffin-embedded surgical specimens of human
tumors (20—25). We used this technique to study the expression
level of several genes that regulate particular steps of metastasis
in human prostate cancer cells implanted into the prostate of
nude mice (26). Highly metastatic cells expressed higher mRNA
levels of type IV collagenase (which affects invasion; Refs.
27-29); basic fibroblast growth factor and interleukin 8 (which
affect angiogenesis; Refs. 30-32); and the multidrug resistance
gene (33, 34) compared with cells of lower metastatic potential
(27). No difference in the epidermal growth factor receptor
expression (which affects growth; Ref. 35) was found between
the cells, but the expression of E-cadherin (which affects cell
cohesion; Refs. 36 and 37) was decreased in the metastatic cells
(27). VEGF/VPF, which affects tumor angiogenesis (38—41),
has also been found to be overexpressed in prostate cancer in
comparison with normal epithelium or benign prostatic hyper-
plasia (42, 43). We found that VEGF/VPF levels correlated with
microvessel density and metastatic potential of human prostate
cancer cells growing in the prostate of nude mice (44). Simi-
larly, treatment with anti-VEGF monoclonal antibody was
shown to inhibit the growth of DU 145 human prostate cancer
cells in nude mice (45).

Several studies have evaluated the expression of E-
cadherin (46-51), type IV collagenase (29, 52, 53), and mi-
crovessel density (surrogate marker of angiogenesis; Refs. 55—
62) in human cancers as single prognostic factors. Most of these
correlative studies reached the inevitable conclusion that the

expression of a given gene is necessary but insufficient to

account for the multistep process of metastasis (19). Because
each of the discrete steps in the pathogenesis of metastasis is
regulated by one or several independent genes, the identification
of cells with metastatic potential in heterogeneous primary
human prostate cancer requires multiparametric-multivariate
analysis of gene expression (19-25).

The present study analyzed expression of metastasis-
related genes in 40 archival prostatectomy specimens (59 tu-
mors). We show that increased expression of collagenase type
IV (MMP-2 and MMP-9), VEGF/VPF, and decreased expres-
sion of E-cadherin are associated with increasing Gleason score.
The ratio of MMP-2 and MMP-9 to E-cadherin, however, ex-
hibited the strongest association with advanced prostate cancer.

MATERIALS AND METHODS

Surgical Specimens and Patient Characteristics. Forty
formalin-fixed, paraffin-embedded, archival radical prostatec-
tomy specimens from patients treated at the University of Texas
M. D. Anderson Cancer Center were examined. Fifty-nine tu-
mors from the 40 cases were included (15 cases with multiple
tumors). The cases were selected at random, and no patients

received any therapy prior to prostatectomy. Methods for han-
dling specimens, including gross examination, sample process-
ing, and assignment of Gleason score and pathological stage
have been published previously (11). The specimens were clas-
sified by the TNM system (63), where pT, cancer is organ-
confined, pT,, cancer exhibits extraprostatic extension, and
pT,, cancers invade the seminal vesicles. N+ cases exhibit
regional metastasis to the lymph nodes irrespective of primary T
stage. In our study, the primary tumor in all node-positive cases
was pT, or pT5,. Tumors were graded according to the Gleason
system (6). In cases with multiple tumors, the Gleason score and
TNM stage of each tumor was noted. When multiple tumors
were present in a case with lymph node metastasis, we arbi-
trarily denoted the tumor of the highest histological grade in the
prostate as the tumor from which the dissemination occurred.
Clinical stage in the 40 patients was assigned by retrospective
chart review with 38 of 40 patients having clinically confined
prostate cancer (T =2) by digital rectal exam and transrectal
ultrasound and 2 of 40 patients with suspected extraprostatic
extension (T3). Preoperative serum PSA levels in the 40 patients
were determined in the laboratory of The University of Texas
M. D. Anderson Cancer center using the Tosoh AIA assay.

Histopathology. Thin sections (4 wm) from the prosta-
tectomy specimens were stained with H&E and evaluated his-
topathologically for further correlation with the ISH findings.
We examined the expression of metastasis-related genes in
serial sections of individual tumors and normal epithelium by
mRNA ISH. Previous reports analyzing the expression of me-
tastasis-related genes in surgical specimens of human gastric
carcinomas (24), human colon carcinomas (21-23), and human
pancreatic carcinomas (25) concluded that the expression level
of collagenase type IV and E-cadherin varied between the edge
and center of the lesions. For this reason, we examined the
expression level of E-cadherin, MMP-9, MMP-2, and VEGF/
VPF at the invasive edge (toward the prostate’s periphery) and
the center of the cancers. In addition, in 21 tumors, we studied
the expression of metastasis-related genes in tumor foci invad-
ing nerves (perineural invasion), because this has been associ-
ated previously with locally advanced prostate cancer (64).
Within a specimen, tumors of different Gleason scores and
pathological stage were studied. Within individual tumor foci,
areas of the tumor with different Gleason grades were selected
for analysis. When the Gleason score was uniform, we studied
multiple random areas.

Oligonucleotide Probes. Specific antisense oligonucleo-
tide DNA probes were designed complementary to the mRNA
transcripts of four metastasis-related genes, based on published
reports of the cDNA sequences (65—68). The specificity of the
oligonucleotide sequences was initially determined by a Gen-
EMBL database search using the FastA algorithm (69), which
showed 100% homology with the target gene and minimal
homology with nonspecific mammalian gene sequences. The
sequences and working dilution of the probes are as follows:
MMP-9, 5'-CCG GTC CAC CTC GCT GGC GCT CCG GA-3’
(1:200); MMP-2, 5'-GGC CAC ATC TGG GTT GCG GC-3’
(1:200); E-cadherin, mixture of 5'-TGG AGC GGG CTG GAG
TCT GAA CTG-3' (1:200) and 5'-GAC GCC GGC GGC CCC
TTC ACA GTC-3' (1:200); and VEGF/VPF, 5-TGG TGA
TGT TGG ACT CCT CAG TGG GC-3' (1:200). A d(T)y
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Table ] Intratumoral heterogeneity of prostate cancer

Expression”

Intratumoral location No. of tumors  E-cadherin MMP-9 MMP-2 VEGF/VPF  MMP:E-cadherin ratio®

Organ-confined tumors (pT,)*

LR 3

Edge 34 73 = 4° 157 = 14 149 * 63 111 + 38 22 *0.1°¢
(42-98)" (97-324) (34-322) (67-220) (1.2-5.5)°
Center 34 80 = 11 120 = 27 131 + 45 118 = 31 1.6 04
(55-100) (84-211) (36-280) (76-203) (1.1-3.3)
Perineural invasion 7 100 = 60 107 £ 75 94 + 29 102 + 22 1.1 £05
(57-113) (29-215) (57-148) (63-143) 0.7-2.1)
P4 Evs. C NS¢ 0.005 NS NS 0.001
Evs. N 0.009 0.035 0.041 NS 0.001
Cuvs. N 0.073 NS NS NS NS
Advanced tumors (pTs,, PT3p, PT3a 6N
Edge 25 39+13 312121 346 = 141 197 £ 71 89*2
(20-70) (162-600)  (100-611) (67-359) (5.0-13.2)
Center 25 49+13 243 +119 245+ 120 220 =91 53=x2
(27-79) (127-500) (78-524) (67-424) (2.3-10.5)
Perineural invasion 14 50 = 10 199 = 73 214 £ 74 168 = 71 42 *1
(32-70) (100-338)  (135-320) (58-323) (2.6-6.2)
P! Evs.C 0.032 NS 0.013 NS <0.001
Evs.N 0.032 0.010 0.005 NS <0.001
Cvs.N NS NS NS NS NS

“TNM classification (63).

» The numbers are expression intensities compared with normal epithelium of prostate glands (expression at normal glands, 100). The data are

shown as mean =+ SD (range).

¢ Mean of calculated MMP:E-cadherin expression ratios. The data shown are mean * SD (range).
4 Examined by Tukey HSD multiple range test. E, edge; C, center; N, neural.

“ NS, no significant difference.

oligonucleotide was used to verify the integrity of mRNA in
each sample (70). All DNA probes were synthesized with six
biotin molecules (hyperbiotinylated) at the 3’ end via direct
coupling using standard phosphormidine chemistry (Research
Genetics, Huntsville, AL; Refs. 70 and 71). The lyophilized
probes were reconstituted to a 1 wg/pl stock solution in 10 mm
Tris-HC1 (pH 7.6) and 1 mm EDTA. The stock solution was
diluted with Probe Diluent (Research Genetics) immediately
before use.

ISH. ISH was performed as described previously (72, 73)
with a minor modification. The Microprobe manual staining
system (Fisher Scientific, Pittsburgh, PA) was used to stain
tissue sections mounted on Silane-coated ProbeOn slides (Fisher
Scientific). The slides were placed in the Microprobe slide
holder, dewaxed, and dehydrated with Autodewaxer and Au-
toalcohol (Research Genetics), followed by enzymatic digestion
with pepsin (73). Hybridization of the probe was carried out for
60 min at 45°C, and the samples were then washed three times
with 2X SSC for 2 min at 45°C. The samples were incubated
with alkaline phosphatase-labeled avidin for 30 min at 45°C,
briefly rinsed in 50 mm Tris buffer (pH 7.6), rinsed with alkaline
phosphatase enhancer (Biomeda Corp., Foster City, CA) for 1
min, and finally incubated with the chromogen substrate Fast-
Red (Research Genetics) for 30 min at 45°C. A positive reaction
in this assay stained red.

ISH Control Experiments. Controls for endogenous al-
kaline phosphatase activity included treatment of the samples in
the absence of the biotinylated probe and use of chromogen in
the absence of any oligonucleotide probes. In addition, to ana-
lyze the specificity of the hybridization signal, the following

controls were performed: RNase pretreatment of tissue sections,
a biotin-labeled sense probe, and competition assays with unla-
beled antisense probe. A markedly decreased or absent signal
was obtained under all of these conditions.

Image Analysis. To quantify intensity of the reaction,
stained sections were examined in a Zeiss photomicroscope
(Carl Zeiss, Inc., Thornwood, NY) equipped with a three-clip
charged coupled device color camera (model DXC-960 MD;
Sony Corp., Tokyo, Japan). The images were analyzed using the
Optimas image analysis software (version 5.2; Bothell, WA).
The slides were prescreened to determine the range in staining
intensity of the slides to be analyzed. Images covering the range
of staining intensities were captured electronically, a color bar
(montage) was created, and a threshold value was set in the red,
green, and blue mode of the color camera. All subsequent
images were quantified based on this threshold. The integrated
absorbance of the selected fields was determined based on their
equivalence to the mean log inverse gray scale value multiplied
by the area of the field. The samples were not counterstained;
therefore, the absorbance was attributable solely to the product
of the ISH reaction.

For each tumor focus analyzed, we measured the expres-
sion of metastasis-associated genes at the invasive edge (edge
facing the outer surface of the prostate), at the center of the
tumor and, in selected cases (21 separate tumor foci), in areas of
perineural tumor invasion (located at the edge of the tumor
facing the outer surface of the prostate). The areas to be meas-
ured were selected and identified with ink on the corresponding
H&E stained section as follows: (@) normal glands of peripheral
or transition zone distant from the tumor; (b) at least five
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separate fields (approximately one field every 2 mm) irrespec-
tive of the Gleason score from the invasive edge (toward the
periphery of the prostate) of the tumor; (¢) Two to four separate
fields, including at least one representative field of each of the
different Gleason grades present from the center of the tumor;
and (d) areas of perineural tumor invasion. Within each 1-mm?
field, we analyzed at least 10 cells (range, 10-20) with adequate
cytoplasm, permitting measurement of staining intensity. Areas
of nuclear staining and necrotic cells were avoided. Whenever
possible, measurements for each probe were performed in the
same tumor cell cluster/cells. This was particularly important for
the values of MMP-9 and MMP-2 and E-cadherin; therefore, the
corresponding ratio reflected values for the same cells. For each
tumor, multiple data points were recorded. The values assigned
to a given tumor for E-cadherin and MMP-2 and MMP-9
expression were those of the “representative field” providing the
highest MMP:E-cadherin ratio. The VEGF/VPF value assigned
reflected the highest value among the measured fields.

Controls for Image Analysis. To minimize experimen-
tal variations in staining intensities, normalization of mRNA
expression levels was performed. The levels of E-cadherin,
MMP-2, MMP-9, and VEGF/VPF for each field were normal-
ized by subtracting background staining and then dividing by
the expression level of the poly d(T),, probe (mRNA integrity)
for the same area. To allow for a comparison of samples run on
different days, the staining intensity of each probe was further
normalized for the mRNA expression level in histologically
normal prostate glands on the same slide.

Statistical Analysis. The mean of the assigned expres-
sion levels (£ SD, range) for E-cadherin, MMP-2, MMP-9,
VEGF/VPF, and the MMP:E-cadherin ratio for the 59 tumors
was stratified according to pathological stage, Gleason score (6,
60), and location of the measured area. To assess the statistical
significance of differences in mean expression levels, ANOVA
(with the Tukey honestly significant difference multiple com-
parison post-hoc test) was performed (74). P < 0.05 was con-
sidered a significant difference. The MMP:E-cadherin ratio was
used to express the invasive profile of a tumor and was calcu-
lated using the following formula: (MMP-2 + MMP-9)/2 +
E-cadherin expression level. To determine the significance of
the mRNA expression levels for the above genes that were
representative of the whole radical prostatectomy specimen, a
separate analysis was performed using only the mRNA expres-
sion levels of the tumor focus of the highest Gleason score or
pathological stage in the specimen (dominant tumor). For these
40 cases, mRNA expression as well as the preoperative serum
PSA levels were related to the final pathological stage. In
addition, logistic regression analysis was used on the same data
set to define the most important variables predicting organ-
confined versus nonorgan-confined (i.e., more advanced) pros-
tate cancer (SPSS, Inc., Chicago, IL; Ref. 74).

RESULTS

Intratumoral Heterogeneity of the Expression of Me-
tastasis-related Genes. The integrity of mRNA in each sam-
ple was first verified using a poly d(T),, probe (22-25). All
samples had an intense reaction, indicating that the mRNA was
preserved. Normalization of mRNA expression intensities for
poly d(T),, probe intensity and also for normal prostate glands
on the same slide allowed for a comparison of expression
intensities of multiple samples analogous to loading controls
(i.e., glyceraldehyde-3-phosphate dehydrogenase) used for
Northern blot analysis.

Intratumoral heterogeneity for gene expression was ob-
served for E-cadherin, MMP-2, and MMP-9. Pathologically
advanced (pTs, 1, No— N+) cancers exhibited a greater degree
of intratumoral heterogeneity than organ-confined cancers (pT,;
Table 1; Fig. 1). Specifically, E-cadherin expression was highest
at the center and lowest at the edge of the tumors [significant
difference, edge versus perineural (organ-confined tumors) P =
0.009; edge versus center, or perineural area (advanced tumors)
P = 0.032]. In contrast, the expression of type IV collagenase
(MMP-2 and MMP-9) was significantly elevated at the edge as
compared with the central or perineural areas for both organ-
confined and advanced cancers. Because down-regulation of
E-cadherin and up-regulation of MMP-2 and MMP-9 were
found at the tumor edge, the MMP:E-cadherin ratio was also
highest at the edge of 52 of the 59 tumors (88%). In seven cases
(12%), however, the ratio was highest in the center of the tumor.
Overall, intratumoral heterogeneity of gene expression with
respect to the MMP:E-cadherin ratio was highly significant for
both organ-confined (P = 0.001) and advanced (P < 0.001)
cancers. This was not the case, however, for VEGF/VPF be-
cause the expression varied throughout the tumors and did not
differ significantly among the edge, center, or perineural areas
(Table 1).

Perineural invasion is characteristic of aggressive cancers,
such as pancreatic carcinoma (25), and is also thought to be a
poor prognostic feature in prostate cancer (64). Although most
of the areas of perineural invasion were found on the edge of
tumors, the expression of E-cadherin and type IV collagenase
genes in these tumor cells was essentially identical to that of
tumor cells in the center of lesions (Table 1).

Intertumoral Heterogeneity for Expression of Metasta-
sis-related Genes. Next, we related the expression level of
metastasis-related genes to the tumor pathological stage (Table
2). The expression levels of VEGF/VPF, E-cadherin, MMP-2,
and MMP-9 significantly differed (P = 0.015-<0.001) between
organ-confined (pT,) and advanced cancers (pTs,, pTsy, and
pT;..,N+). Advanced tumors expressed lower E-cadherin but
higher VEGF/VPF, MMP-2, and MMP-9 than organ-confined
tumors. The calculated MMP:E-cadherin ratio at the tumor edge
also showed clear differences between organ-confined and ad-

Fig. 1 Intratumoral heterogeneity for expression of metastasis-related genes. ISH analysis of E-cadherin, MMP-2, MMP-9, and VEGF/VPE
expression in normal tissue and prostate cancer (Gleason score 7) exhibiting extraprostatic extension (pTs,). Hybridization with the poly d(T),, probe
confirmed mRNA integrity. A positive reaction in this assay stains red. The numbers for E-cadherin, MMP-9, MMP-2, and VEGF/VPF indicate
expression intensities as compared with the epithelium of normal glands, which were assigned a value of 100.
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Table 2 Relationship between the expression of metastasis-related genes and pathological stage

Expression”
Pathological stage”  No. of tumors VEGF/VPF MMP-9 MMP-2 E-cadherin MMP:E-cadherin ratio®
pT, 34 113 = 40° 154 + 56 151 = 66 73 £ 14 22+09
(77-220) (97-324) (34-322) (42-93) (1.2-5.5)
pTa, 13 181 = 69 327 £131 318 = 125 40 = 11 85+19
(123-454) (143-584) (123-550) (20-59) (6.4-12.2)
pTan 5 208 + 74 216 = 57 28377 3127 82+1.1
(196-533) (154-297) (164-378) (22-39) (7.4-9.8)
pTa. N+ 7 195 = 63 330 + 85 438 + 110 357 11+1
, (194-755) (213-449) (280-573) (24-47) (9.4-12.6)
P‘
pT, vs. pTy, 0.001 <0.001 <0.001 <0.001 <0.001
pT, vs. pTy, 0.021 NS¢ 0.015 <0.001 <0.001
pT, vs. pTy, N+ 0.002 <0.001 <0.001 <0.001 <0.001
pTs, vs. pTy, NS NS NS NS NS
pTs, vs. pTa, N+ NS <0.001 0.026 NS <0.001
NS NS 0.021 NS 0.002

PTap vs. pTa, N+

“TNM classification (63).

” The numbers are expression intensities compared with normal epithelium of prostate glands (expression at normal glands, 100). The data are

shown as mean * SD (range).

“ Mean of calculated MMP:E-cadherin expression ratios. The data shown are mean %= SD (range).
4 Examined by Tukey HSD multiple range test.

“ NS, no significant difference.

Table 3 Relationship between the expression of metastasis-related genes and Gleason score

Expression”

Gleason score” No. of tumors VEGF/VPF MMP-9 MMP-2 E-cadherin MMP:E-cadherin ratio®

56 18 107 = 36" 146 + 52 150 = 75 72 *+ 169 2.1 =07
(77-203)" (100-324) (34-322) (42-93) (1.2-3.4)°

7 25 157 =70 218 + 118 230 + 143 61 =20 47 *+ 3.6
(93-454) (97-500) (77-573) (20-90) (1.3-12.0)

8-10 16 168 * 65 302 = 102 333 = 109 36 = 8.5 92+2

, (123-755) (170-584) (126-539) (22-57) (5.5-12.6)

P‘

5-6 vs. 7 0.029 NS¢ NS NS 0.006

5-6 vs. 8-10 0.015 <0.001 <0.001 <0.001 <0.001

7 vs. 8-10 NS 0.025 0.021 <0.001 <0.001

“ According to Gleason et al. (6, 7).

»The numbers arc expression intensities compared with normal epithelium of prostate glands (expression at normal glands, 100). The data are

shown as mean = SD (range).

¢ Mean of calculated MMP:E-cadherin expression ratios. The data shown are mean * SD (range).

4 Examined by Tukey HSD multiple range test.
¢ NS, no significant difference.

vanced cancers (P < 0.001). The MMP:E-cadherin expression
ratio even separated tumors with extraprostatic extension alone
(pT;, and pTy,, Ny) from tumors with lymph node metastasis
(pTs,, N+; P = 0.002 to <0.001).

The expression of metastasis-related genes was next com-
pared with the Gleason score of the tumors (Table 3). The
expression levels of VEGF/VPF, E-cadherin, MMP-2, and
MMP-9 differed significantly between tumors with a Gleason
score of 5-6 (well differentiated) and those with a Gleason
score of 8~10 (poorly differentiated). The high grade, poorly
differentiated tumors expressed a lower level of E-cadherin
mRNA (P < 0.001), a higher level of MMP-2 mRNA (P <
0.001), a higher level of MMP-9 mRNA (P < 0.001), and a
higher level of VEGF/VPF mRNA (P = 0.015) than Gleason
score 5-6 tumors. The MMP:E-cadherin ratio was also signif-

icantly higher in high-grade tumors (Gleason score 8-10) than
in low-grade tumors (Gleason score 5 and 6; P < 0.001).
Tumors with a Gleason score of 7 (intermediate in aggressive-
ness) exhibited intermediate levels of expression. Only VEGF/
VPF expression and the MMP:E-cadherin ratio were different
between Gleason 5-6 and Gleason 7 cancers as a group.

Of interest, the Gleason score 7 tumors were heterogeneous
and included 15 (60%) organ-confined tumors and 10 (40%)
tumors that were associated with extension into extraprostatic
tissue (7 cases), seminal vesicles (2 cases), or lymph node
metastasis (1 case). This difference in tumor aggressiveness
prompted us to categorize the analysis of the Gleason score 7
tumors to pathologically organ-confined or advanced disease
(Table 4; Fig. 2). The difference in expression levels of VEGF/
VPF, E-cadherin, MMP-2, and MMP-9, and the MMP:E-



y

Clinical Cancer Research 2301

Table 4 Comparison between organ-confined and advanced Gleason 7 tumors

Expression”
Pathological stage®  No. of tumors VEGF/VPF MMP-9 MMP-2 E-cadherin MMP:E-cadherin ratio®
Organ confined 15 120 = 47° 159 + 58 146 + 49 75+9 21+06
(93220 (97-298) (77-263) (61-90) (1.3-3.8)
Advanced 10 214 = 61 306 = 134 356 = 148 40 £ 11 8722
(177-454) (143-500) (123-573) (20-59) (6.4-12.0)
P <0.001 0.001 <0.001 <0.001 <0.001
“TNM classification: Organ confined (pT,); Advanced (pTs,, 1 = 7; pTay, 1 = 2; pT3,N+, n = 1; Ref. 63).

b The numbers are expression intensities compared with normal epithelium of prostate glands (expression at normal glands, 100). The data are

shown as mean * SD (range).

€ Mean of MMP:E-cadherin expression ratios. The data shown are mean * SD (range).

4 Examined by two-sided ¢ test.

cadherin ratio between Gleason 7 tumors that were organ con-
fined or advanced was highly significant (Table 4, P < 0.001).
In fact, organ-confined Gleason score 7 tumors exhibited a
pattern of gene expression that was similar to Gleason score 5-6
cancers (Tables 3 and 4), whereas the pattern of gene expression
of advanced Gleason score 7 tumors was identical to high-grade
tumors (Tables 3 and 4). Thus, an assessment of metastasis-
related genes was very informative in cancers with similar
histology.

Shown in Table 5 are the mRNA expression levels of
VEGF/VPF, MMP-9, MMP-2, and E-cadherin as well as the
MMP:E-cadherin ratios for the dominant tumor in the radical
prostatectomy specimen. Also shown are the mean serum PSA
levels stratified by pathological stage. Significant overlap in
serum PSA between the various pathological stages precluded
separation with the exception of organ-confined cancer from
seminal vesicle involvement. On the other hand, the expression
levels of VEGF/VPF, MMP-9, MMP-2, and E-cadherin cor-
rectly separated the patients with extraprostatic extension and
lymph node metastasis from those with pathologically organ-
confined disease. Furthermore, the MMP:E-cadherin ratio sep-
arated patients into three different groups: (a) organ-confined
cancer (pT,); (b) those with extraprostatic extension (pTs,.,);
and (¢) those with lymph node metastasis (pTy,.,,, N+; Table 5).
The specific gene expression was clinically significant because
38 of 40 patients underwent a prostatectomy for clinically
confined prostate cancer (=T,). In reality, the cancer was patho-
logically confined (pT,) in 18 (45%) patients, and the MMP:E-
cadherin ratio identified all 18 cases at a cutoff value of <6.
This conclusion is illustrated in Fig. 3.

Because all measured variables, including Gleason score,
were highly associated with the pathological stage of disease,
we performed both univariate and multivariate regression anal-
yses on the 40 cases to determine which factors were most
informative for predicting organ-confined prostate cancer. The
data summarized in Table 6 conclude that all of the variables
studied, except serum PSA level, were highly associated with
organ-confined prostate cancer. However, the MMP:E-cadherin
ratio provided the highest log-likelihood score (Table 6). Sub-
sequent to a multivariate regression analysis, once the MMP:E-
cadherin ratio was taken into account, all other variables were
irrelevant in distinguishing organ-confined from non-organ-
confined (advanced) prostate cancer.

DISCUSSION

The purpose of the present study was 3-fold: (a) to define
the feasibility of determining metastasis-related gene expression
using an ISH technique in archival radical prostatectomy spec-
imens; (b) to ascertain the distribution of gene expression in a
cancer known for its histological heterogeneity; and (c) to
determine whether the expression of metastasis-related genes
correlates with aggressive behavior in individual patients as
assessed by the tumor pathological stage. The present results
show that the ISH technique is feasible and that normatization of
gene expression for mRNA integrity [poly d(T),] as well as for
expression in the normal epithelium allows for quantitation as
well as for comparisons between samples that were performed
on different days.

As with other neoplasms, human prostate carcinomas con-
sist of multiple subpopulations of tumor cells interspersed with
host fibroblasts, epithelial cells, endothelial cells, and leuko-
cytes (56, 57, 64). Because metastases originate from a small
subpopulation of preexisting tumor cells (16, 75, 76), the iden-
tification of these cells requires a sensitive technique that pre-
serves zonal heterogeneity. Northern blot analysis represents the
average level of mRNA of all of the cells in a sample and thus
cannot identify a small subpopulation of cells in a heterogene-
ous tumor (22, 23). Moreover, in many human tumors, the
expression of E-cadherin, collagenase type IV, and other genes
varies between the center and the edge of the tumor (21-25).
Our present data agree with these findings and show that the
difference in expression levels was more marked in advanced
prostate cancers, suggesting a causal rclationship between inva-
sion and low expression of E-cadherin (37, 46, 49) and high
expression of MMPs (25, 28, 52, 53).

E-cadherin, a cell surface glycoprotein involved in calci-
um-dependent homotypic cell-to-cell adhesion, is responsible
for the organization, maintenance, and morphogenesis of epi-
thelial tissues (36, 77). Reduced levels of E-cadherin are asso-
ciated with decreases in cellular and tissue differentiation and a
resulting higher histological grade in various epithelial neo-
plasms (37, 46, 49, 77). The transfection of an E-cadherin-
encoding cDNA into invasive cancer cells has been shown to
inhibit their motility and invasiveness (80, 81), and immunchis-
tochemical studies in patient specimens demonstrate that re-
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Fig. 2 A, ISH analysis of E-cadherin,
type IV collagenase (at the edge of the
tumor), and VEGF/VPF (at the center
of the tumor) mRNA of an organ-con-
fined (pT,) tumor. H&E staining shows
that the tumor has a Gleason score 7.
Hybridization with the poly d(T),,
probe confirmed mRNA integrity. A
positive reaction in this assay stains red.
The numbers for E-cadherin, MMP-9,
MMP-2, and VEGF/VPF indicate ex-
pression intensities as compared with
the epithelium of normal glands, which
were assigned a value of 100. The ex-
pression intensity values for E-cad-
herin, MMP-9, MMP-2, and VEGF/
VPF were 90, 122, 111, and 93, re-
spectively. The MMP:E-cadherin ratio
[(122 + 111) = 2/90] = 1.3. B, ISH
analysis of E-cadherin, type IV colla-
genase (at the edge of the tumor), and
VEGF/VPF (at the center of the tumor)
mRNA of a tumor exhibiting extrapros-
tatic extension (pT;,). H&E staining
shows that the tumor has a Gleason
score 7. Hybridization with the poly
d(T),, probe confirmed mRNA integ-
rity. The numbers for E-cadherin,
MMP-9, MMP-2, and VEGF/VPF indi-
cate expression intensities as compared
with the epithelium of normal glands,
which were assigned a value of 100.
The expression intensity values for E-
cadherin, MMP-9, MMP-2, and VEGF/
VPF were 33, 359, 368, and 192, re-
spectively. The MMP:E-cadherin ratio
[(359 + 368) +~ 2/33] = 11.0.
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Fig. 2 Continued.
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Tuble 5 Rclationship between expression of metastasis-related genes, PSA, and pathological stage in the prostatectomy specimen

Expression”

No. Serum PSA
Pathological stage” of cases level VEGF/VPF MMP-9 MMP-2 E-cadherin MMP:E-cadherin ratio®
pT, 18 86 111 =43 174 + 67 152 =75 72+13 241
(2.5-27) (72-220) (97-324) (34-322) (47-93) (1.2-5.5)
pTa, 12 10x6.5 181 £ 72 318 £ 133 323 + 129 41 =11 82x138
(2-21) (67-308) (143-584) (123-550) (20-59) (6.4-12.4)
pTa, 5 18+ 5 208 + 74 216 = 57 284 =77 317 82=+1
(11-24) (153-292) (154-297) (164-378) (22-39) (7.4-9.8)
pTa N, 5 5%1 217 + 58 35183 465 = 104 37+ 8 112+ 09
(3-6.6) (151-281) (270-449) (321-573) (24-47) (10.2-12.6)
p
pT, vs. pTy, NS¢ 0.017 0.001 <0.001 <0.001 <0.001
pT, vs. pTy, 0.009 NS NS NS <0.001 <0.001
pT, vs. PaaslN; NS 0.006 0.003 <0.001 <0.001 <0.001
pTs, vs. pTy, NS NS NS NS NS NS
pTa, vs. pTa N NS NS NS 0.047 NS <0.001
pTa, vs. pTs, 1N 0.005 NS NS 0.029 NS 0.005

“TNM classification (63).

® The numbers are expression intensities compared with normal epithelium of prostate glands (expression at normal glands, 100). The data are

shown as mean * SD (range).

© Mean of calculated MMP:E-cadherin expression ratios. The data shown are mean = SD (range).

4 Examined by Tukey HSD multiple range test.
“ NS, no significant difference.
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Fig. 3 MMP:E-cadherin ratios of organ-confined (pT,) versus ad-
vanced (pT3,, pTay, pTa,p N+) prostate cancers. The MMP:E-cadherin
ratio was calculated by the following equation: (MMP-2 + MMP-9)/
2 + E-cadherin.

duced expression of E-cadherin predicts for advanced disease
and poor prognosis (37, 46-51).

The production of type IV collagenasc (gelatinase, MMP)
in metastatic tumor cells also correlates with the invasive ca-
pacity of human cancer cells (26-28, 52, 53, 65, 80). The MMPs
degrade the basement membrane and extracellular matrix and
hence facilitate invasion of the stroma. In prostate cancer, in-
creased levels of type IV collagenase have been associated with
increasing Gleason score (28). Moreover, the balance of the

Table 6 Prediction of organ-confined prostate cancer subsequent to
radical prostatectomy by logistic regression analysis

Log-likelihood P
Serum PSA“ 0.4 0.5
Gleason score” 15.1 0.005
VEGF/VPF 12.6 0.0004
MMP-9¢ 134 0.0002
MMP-2¢ 16.5 <0.0001
E-cadherin® 24.0 <0.0001
MMP:E-cadherin ratio™¢ 29.0 <(.0001

“ Assessed as continuous variables.

» Assessed as categorical variable: Gleason score <7, 7, or >7.

“ MMP:E-cadherin ratio is the sole variable necessary to predict
organ-confined prostate cancer using multivariate regression analysis.

expression of type IV collagenase and one family of inhibitors
(tissue inhibitor of metalloproteinase-1 and tissue inhibitor to
metalloproteinase-2) correlates with the invasive and metastatic
capacity of human prostate cancer (53). The present data con-
firm these findings because the concurrent relationship of ex-
pression of type IV collagenase to E-cadherin in radical pros-
tatectomy specimens was a measure of the invasive phenotype.

Tumor foci surrounding nerves (perineural invasion) ex-
hibited a pattern of metastasis-related gene expression similar to
that of the center of tumors, where we noted lower levels of type
IV collagenase and higher levels of E-cadherin. This was some-
what surprising because perineural invasion in radical prosta-
tectomy and prostate biopsy specimens has been reported to be
associated with extraprostatic extension of the tumor (37, 81,
82). However, in several recent studies where a multivariate
statistical analysis was performed, perineural invasion did not
predict extraprostatic extension when serum PSA level, Gleason
score, or ultrasound contact length were accounted for (81-83).
Similarly, perineural invasion does not predict survival in pros-
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tate cancer (81). Whether the affinity of prostate cancer cells for
growth around nerves is mediated via paracrine growth factors
produced by nerve or nerve-associated cells is unknown. Can-
didate growth factors include NGF, NGF-like protein, and neu-
ral cell adhesion molecules (84—86). NGF has been shown to
inhibit apoptosis in non-neuronal cells, and in one study peri-
neural prostate cells in the perineural space exhibited a lower
apoptotic rate than prostate cancer cells in nonperineural areas
(87). Alternatively, perineural migration may represent the path
of least resistance for prostate cancer spread, implying that such
cells may not have enhanced invasive capacity (88). Indeed,
recent data showed that in vitro treatment of human prostate
cancer cells (PC-3 and DU-145) with NGF led to re-expression
of the KAIl metastasis suppressor gene, decreased telomerase
activity, reduced cell growth, and reduced invasive capacity and
that treatment of nude mice with NGF inhibited s.c. tumors (89).

Intratumoral heterogeneity for gene expression was not ob-
served for all metastasis-related genes. Tumors of higher patholog-
ical stage exhibited higher VEGF/VPF expression levels than tu-
mors of low pathological stage. Regardless of stage, VEGF/VPF
levels were similar within different areas of a given tumor, agreeing
with a published study using immunohistochemical staining of
human prostate cancer tissue with a polyclonal anti-VEGF anti-
serum (39). VEGF/VPF-induced neovascularization plays a prom-
inent role in tumor progression. Elevated levels of VEGF/VPF
have been noted in glioblastomas, breast, ovarian, gastrointestinal,
and prostate carcinomas (reviewed in Refs. 41 and 42). A causal
relationship between cancer progression, neovascularity, and ex-
pression of VEGF/VPF has been shown in several animal models
in which VEGF/VPF was overexpressed from full-length cDNA
(90), VEGF/VPF mRNA (antisense mRNA transfection) was
down-regulated (91), or neutralizing VEGF/VPF antibodies were
used (45). Studies are in progress to ascertain the relationship of
VEGF/VPF expression levels within individual tumors to the mi-
crovessel density of the same area.

The finding that the expression levels of E-cadherin,
MMP-2, MMP-9, and VEGF/VPF correlated with tumor stage
supports the roles of angiogenesis, cell cohesion, and invasion in
the metastatic cascade. Furthermore, the relationship among all
four genes correlated with the tumor Gleason score, another
clinically used histological prognostic marker (5-9, 13-15). In
our own data set as well as others, Gleason =6 prostate cancers
were often organ confined (7, 8), whereas Gleason =8 cancers
were associated with extraprostatic disease and hence poor
prognosis. Histopathological examination of prostate cancers
with a Gleason score of 7 revealed both organ-confined and
advanced cancers. The present study using ISH for metastasis-
related genes clearly distinguished between the Gleason score 7
cancers that were or were not organ-confined (Table 4). This
was even true when Gleason score 7 cases were categorized as
to the dominant pattern being Gleason 3 + 4 = 7 or Gleason 4
+ 3 = 7 (data not shown).

The level of PSA in the serum is often used in the prog-
nosis and clinical management of prostate cancer (5, 9-10, 13).
In our study, however, the level of serum PSA did not distin-
guish between the patients with organ-confined cancer and
many patients with advanced disease. In contrast, the expression
ratio between the tumor-invasive profile, i.e., the MMP:E-
cadherin ratio, was particularly informative in that it separated

organ-confined from advanced prostate cancers with virtually
no overlap (at a cutoff of <6; Fig. 3) and could do so independ-
ently of the tumor Gleason score, serum PSA, and VEGF/VPF
expression levels. Moreover, an extremely high MMP:E-
cadherin ratio (>10) was often associated with lymph node
metastasis.

In summary, we used an ISH technique to examine the
concurrent expression of metastasis-related genes in forma-
lin-fixed, paraffin-embedded radical prostatectomy speci-
mens. Decreasing expression of E-cadherin and increasing
expression of VEGF/VPF, MMP-2, and MMP-9 character-
ized pathologically advanced prostate cancers as well as
those of high histological grade (Gleason score =8). The
MMP:E-cadherin ratio, however, exhibited the greatest abil-
ity to distinguish organ-confined cancer. To determine the
ultimate prognostic value of such measurements (considering
the intratumoral heterogeneity of metastasis-related gene ex-
pression in the present study), the correlation between gene
expression in pretreatment biopsies of prostate cancer and
subsequent radical prostatectomy specimens in a large series
of patients with long-term follow-up is under way.
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